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PREFACE

This Book of Abstracts contains the extended abstracts of keynote lectures and papers
which have been presented (whether locally or remotely) during the 13th International
Conference on Laser-light and Interactions with Particles (LIP2022) which is an Optfical
Particle Characterization follow-up, held in Warsaw, Poland from August 21th to 26th. This
event has been organized under the auspices of the Polish Physical Society and the
Institute of Physics, Polish Academy of Sciences.

This conference series was created in Rouen, in 1987 (conveners: G. Gouesbet, G. Gréhan),
under the ftitle "Optical Particle Sizing, theory and practice (OPS)". At this time, after the
successful development of laser based methods allowing one to measure the velocities of
parficles embedded in flows, particularly the "Laser Doppler Velocimeter”, the current
challenge was the extension of such methods to the simultaneous measurements of
velocities and sizes of individual particles in flows. This was as well the time when a theory,
named generalized Lorenz-Mie theory, was mature enough for the design of laser-based
techniques interacting with particles, and for the interpretation of measured data. The
conferences were infended to take place every three years.

The second OPS conference has been held in Phoenix, Arizona, USA, in 1990 (convener: D.
Hirleman), followed in 1993 by Yokohama, Japan (convener: M. Maeda), Nuremberg,
Germany, in 1995 (convener: F. Durst), Minneapolis, USA, in 1998 (convener: A. Nagwi). To
account for the rapid developments and demands in the .eld, the fitle of the conference
was changed to "Optical Particle Characterization (OPC)" at the occasion of the 6th edition
held in Brighton, England, in 2001 (convener: A. Jones), followed by Kyoto, Japan, in 2004
(convener: M. Itoh) and by Graz, Austria, in 2007 (convener: O. Glatter). The conference
returned fo its roots in Rouen, France, 2012 (G. Gouesbet, G. Gréhan) where it was decided
to change its title to "Laser-light and Interactions with Particles (LIP)" to take into account,
once more, of the evolution of the field. Beside "Optical Particle Characterization”, the new
conference encompasses all light scattering theories dealing with structured light scattering
(Generalized Lorenz-Mie theory, Extended Boundary Condition Method, ray optics, discrete
dipole approximation and numerical techniques), mechanical effects of light, resonances.
All kinds of structured beams are considered, not only Gaussian beams, but as well various
kinds of laser sheets, non-dioracting beams, helical beams, laser pulses and, due to
analogies with EM scattering, acoustical scatftering was welcome as well. Covered
applications are many, such as to multiphase flows, aerosols and atmospheric environment
sciences, biomedical optical engineering, optical levitation and manipulation of objects
(particularly opftical tweezers), plasma physics, etc.

Rouen conference has been followed by Marseille, France, 2014 (F.R.A. Onofri and B. Stout)
and Xian, China, 2016 (Yiping Han, Lixin Guo). In 2018, the 12th LIP conference took place
at the Texas A&M University, College Station, USA under the chairs of P. Yang, G. Kattawar
and E. Fry jointly with the "Electromagnetic and Light Scattering by Nonspherical Particles"
conference ELSXVIL.

The 13th LIP-conference was scheduled to be held in Warsaw, Poland, 2020, under the local
chairs of D. Jakubczyk and M. Kolwas but this edition has been made impossible due to the
Covid pandemic. Although this pandemic is still active, and notwithstanding the difficulties




imposed by the global situation, including the invasion of Ukraine which has a Western
border with Poland, the 13th LIP-conference has eventually been held in Warsaw, from
August 21th to August 26th, 2022, in the format of a hybrid conference.

Since the Rouen conference of 2012, a special issue of the Journal of Quantitative
Spectroscopy and Radiative Transfer, including at the occasion of the "no-shown" 2020
conference, has been published, with G. Gouesbet and M. Brunel as guest editors in 2012
(see volume 126 of the journal), afterward with G. Gouesbet and F.R.A. Onofri as guest
editors (see volumes 162 and 195 of the journal) for the 2014 and 2016 editions. These special
issues, up to the 2016 conference included, have been published in a single volume. Since
the 2018 edition included, papers associated with the LIP-conferences (based on the topics
discussed, but not necessarily presented during the conference) have been published in
virtual topical issues, the word "virtual" meaning that the papers have been published once
they have been accepted, without having to wait for the rest of the manuscripts being
reviewed/accepted. The virtual special issue of the Warsaw 2022 conference is currently
under progress [1]

Finally, we would like to take the opportunity of this preface to express our thanks to those
who confributed to the organization of the conference, in particular for the assistance of
the Scientific and Advisory committees (see [2]), and of the local organizihg committee
(Anastasiya Derkachova, Gennadiy Derkachov, Krystyna Kolwas, Stawomir Palesa, Yaroslav
Shopa, Jacek Szczepkowski, Mariusz Wozniak) whose work has been made more difficult
by the current circumstances, and still more particularly to the participants (whether they
were locally present or remotely connected) which are essential to the success of any
conference. We also address all our thanks to the sponsors, the Polish Physical Society, the
Polish Ministry of Education and Science ("Excellent Science" program), the French National
Center for Scientific Research and the European Physical Society, without whom the
organization would not have been possible. Our thanks go also to the partners of this
conference who contributed to the outreach of this conference: AFVL, COMS Optics and
Lasers, ELS Newsletter, SCATTPORT, EOS and OSA [2].

For the organizing committee, Warsaw Poland August 215t 2022,

Gérard Gouesbet, Fabrice Onofri, Daniel Jakubczyk, Maciej Kolwas (co-chair).

[1] Forthcoming topical issue "Laserlight and Interactions with Parficles 2022, JQSRT, 2022,
https://www journals.elsevier.com/journal-of-quantitative-spectroscopy-and-radiative-
transfer/forthcoming-special-issues

[2] Committees, sponsors & partners, LIP2022, http://lip-conference.org/.
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Abstract

In this talk a new technique for creating linear, superficial
or volumetric nondiffracting beams and pulses is presented.
Such beams and pulses are called Frozen Waves (FWs) and
can be
superpositions of arbitrary-order Bessel beams, allowing
both the theoretician and the experimentalist to conceive,
design and produce arbitrary-shaped, diffractionless and
even dispersion-free structured light fields along lines,
surfaces and volumes, even in lossy and dispersive media.

constructed from discrete or continuous

1 Frozen Waves

In microwaves, optics and photonics, it is usually desired
or required to confine or structure light at different spatial
scales. Specifications on the practical application envisioned
might demand a significant set of requirements such as loss
compensation, distortion minimization, reduction of
scattered fields, maximization of transmitted fields and so
on. Also of importance, overcoming diffraction is of utmost
importance in a wide range of problems in physics and
engineering, such as in free space communication, remote
sensing, optical alignment, atom guiding, optical
nanochannel fabrication, optical manipulation in optical
tweezers systems and volumetric displays, to mention a
few.

Perhaps the two most notable examples of non-
diffracting electromagnetic waves are the uniform plane
wave and Bessel beams. Mathematically, the former
emerges from the vector wave equation when the method of
separation of variables is introduced using a Cartesian
coordinate system, while the latter is derived in an
analogous fashion, but using a cylindrical coordinate
system. By “non-diffracting” it is usually meant “that can
overcome diffraction”.

Physically-realizable versions of Bessel beams, as first
demonstrated by Durnin, Miceli Jr. and Eberly, can only
resist to the natural spatial widening imposed by diffraction
up to a certain distance [1]. This reflects the limited power
availability or, in other words, the lack of an infinite amount
of energy to recompose the transverse field profile
indefinitely along propagation [1-3]. Therefore, truncated
apertures can only produce pseudo nondiffracting beams.

Resistance to diffraction implies propagation invariance,
so Bessel beams have expected properties such as depth of
focus and self-healing [4]. Advantageously as it may seem
in several applications — e.g., in optical trapping systems in
allowing for simultaneous traps at multiple planes [5,6] — it
must be recognized that the longitudinal field pattern of
Bessel beams lacks flexibility in the sense of, just like other
diffracting and nondiffracting beams, not allowing for an
immediate structuring of its intensity. It would certainly be
useful that, while still preserving their nondiffracting
properties, Bessel beams could be used as building blocks
for new exciting structured light beams.

In this talk, I shall explore a particular class of structured
nondiffracting beams called Frozen Waves (FW). Such beams
are constructed from superpositions of Bessel beams of
arbitrary order and, although first theoretically presented in
2004 by Zamboni-Rached [7], they have only recently been
experimentally explored in practical applications [8-10].

Like Bessel beams, FWs are solutions to either the scalar
or the vector wave equation in cylindrical coordinates.
Historically, they were first investigated for lossless simple
media in terms of a discrete superposition of co-linear, co-
propagating zeroth order scalar Bessel beams [7], all with
the same operating frequency but carrying distinct
longitudinal (or, alternatively, transverse) wave numbers.
This means that each Bessel beam in the superposition has
its own half-cone (or axicon) angle. By suitably weighting
their amplitude and phase, it is permissible to expect that
the resulting field can be adjusted to achieve any desired
longitudinal intensity pattern, at least within the diffraction
limit.

Today, the name Frozen Wave is recognized as
designating a whole family of structured light fields not
only constructed from scalar but from vector Bessel beams
as well. Also, theoretical extensions to arbitrary-order FWs
soon appeared, with new variants incorporating
attenuation-resistant properties for propagation along lossy
simple media. Dispersion-free versions of FWs known as
“Diffraction-Dispersion-Attenuation =~ Resistant ~ Vortex
Pulses” were proposed for propagation along absorbing
media. Multichromatic FWs came as a generalization of the
concept of monochromatic FWs envisioning wavelength
and topological charge management along the axis of
propagation. Generalizations for superpositions of FWs of
different orders, or for a single FW composed of Bessel
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beams of different orders revealed the potential of such
optical fields as alternative beams for atom guiding and
optical trapping, and propagation along stratified media has
been investigated. Proposals of finite-energy FWs designed
from continuous superpositions of Bessel beams were
presented. Descriptions of specific types of FWs have been
given in terms of beam shape coefficients in the framework
of the Generalized Lorenz-Mie theory (GLMT). From a
theoretical and computational point of view, investigations
on FWs have significantly developed during the past
eighteen years [11-22].

The first experimental demonstration and generation of
a FW was realized by Vieira and coworkers in 2012 by
to a holographic setup for the
reconstruction of computer-generated holograms [23].
However, it was not until 2020 when the first practical use
of FWs was proposed by Suarez et al. in optical trapping and
manipulation of microparticles from non-thermal
(scattering and gradient) forces [8]. The ability of FWs to
hold and move small particles was firmly demonstrated.

In 2018, Ambrosio proposed a theoretical extension of the
concept of a FW that allows modelling or structuring light
on a plane in a lossless medium, subsequently extended to
lossy media [24,25]. To do so, parallel co-propagating FWs
are superposed in space, with their longitudinal patterns
adjusted so as to form a two-dimensional intensity pattern
that can be chosen a priori. The difference from other
techniques available for the generation of two-dimensional
field patterns is that the intended profile lies on a plane that
includes the axis of propagation and, up to certain limits, the
self-healing property of Bessel beams can still be used with
advantage.

A few months ago, a successful demonstration of the
experimental demonstration of two-dimensional FWs was
presented envisioning application in three-dimensional
holography [9,10]. Two-dimensional FWs or, alternatively,
holographic light sheets [10], now represents a new approach
to holographic projection beyond, e.g., Fourier and Fresnel
holography. It is also expected that FWs will find room in
2D and 3D imaging and printing, micromachining
techniques for optical nanochannel fabrication and
volumetric displays, among others. Recently, the first
theoretical predictions on the asymmetry factor in
photophoresis with FWs has been made [26]. This
represents a first step towards the analysis of optical forces
from thermal origins (photophoretic forces) exerted by FWs,
envisioning the incorporation of such optical wave fields in
the trapping system of volumetric photophoretic-trap
displays [27]. I intend to discuss more on FWs and their
applications and tentatively provide an updated but
otherwise non-exhaustive list of references for those
interested in the subject during the lecture.
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Abstract

Understanding the airborne transmission of pathogens, such as SARS-CoV-2, requires accurate measurements of the
exhaled particles. This presentation describes how the size and velocity of the ejected saliva droplets and aerosols can be
measured near the mouth. These measurements have been applied when speaking and coughing. The tracking of each
detected particle has been achieved in 3D at 15 000 images per seconds. The sizing of the particles has been reached using
laser light scattering detected in the semi-forward direction. The evaporation of water content in the particles is analyzed to
deduce the transition from saliva droplets to solid aerosols. Using the measured volume of the particles ejected over time,
together with a concentration of SARS-CoV-2 in saliva, an estimation of the flow rate emission of virions has been deduced.
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Abstract

Holograms of colloidal particles recorded with in-line
holographic video microscopy encode detailed information
on each particle’s three-dimension position, size, shape,
orientation and composition. Extracting that information is
an example of a highly nonlinear inverse problem whose
solution has been sought with generative models based on
the generalized Lorenz-Mie theory of light scattering [1-3].
Real-time implementations of Lorenz-Mie analysis yield the
position, size and refractive index of individual colloidal
spheres with extraordinary precision [4]. The same
approach can be applied to more general types of particles
through Maxwell Garnett effective-medium theory [5-7].
This wealth of information has immediate applications in
areas as diverse as soft condensed matter physics, physical
chemistry, biopharmaceutical manufacturing and medical
diagnostics. These applications are being further accelerated
through the recent development of machine-learning
implementations [8] that also cast new light on the Lorenz-
Mie framework.

1 Holographic Particle Characterization

Lorenz-Mie fit

camera

Figure 1 An in-line holographic microscope illuminates a
colloidal sample with a collimated laser beam. The interference
pattern formed by the scattered and incident waves is magnified
by a microscope and recorded with a video camera. Fitting to
predictions of Lorenz-Mie theory yields tracking and
characterization data.

Figure 1 illustrates the deceptively simple principle of
holographic particle characterization. Colloidal particles
dispersed in a fluid sample are illuminated by a collimated
laser beam. The light they scatter interferes with the rest of
the beam in the focal plane of a microscope. The intensity of
the magnified interference pattern is recorded with a video
camera and is interpreted by quantitative comparison with
a generative model for the image-formation process.

1.1 Lorenz-Mie Analysis

If the incident light is modelled as a unit-intensity plane
wave propagating along Z and linearly polarized along %,
the hologram of a particle at r,, has the form [4]

M

where k is the wavenumber of light in the medium and
f (kr) is the Lorenz-Mie scattering function describing the
particle’s scattering properties. Lengths in Eq. (1) are scaled
by the magnification of the microscope. Experimentally
recorded holograms can be cast into this form by subtracting
the dark count of the camera and then normalizing by a
background image. For an isotropic homogeneous sphere,
the scattering function is parameterized by the diameter, d,,
and the refractive index, n,. A fit, such of the example in Fig.
1, is obtained by optimizing five parameters: r,, d,,, and n,,.

b(r) = [£ + e %% f, (k(r - rp))|2

A well-converged fit typically yields the position of a
micrometre-scale colloidal sphere with nanometre-scale
precision over a range of more than 100 um, and also
resolves the diameter with nanometer precision and the
refractive index to within a part per thousand [9]. The
performance has been reported for particles ranging in
diameter from 500 nm to 20 um dispersed at concentrations
from 10° particles/mL to 107 particles/mL. Optimized
software implementations can analyse a single sphere’s
hologram in a few milliseconds, permitting real-time
analysis of large populations of particles. As a particle-
resolved measurement technique, furthermore, holographic
particle characterization is uniquely able to identify and
differentiate multiple classes of particles in heterogeneous
dispersions.

1.2 Generalized Lorenz-Mie Analysis

The generative model in Eq. (1) can be extended to
accommodate more general types of particles, such as core-
shell spheres and aggregates of nanoparticles [10, 11]. These
generalizations, however, increase the dimensionality of the
inverse problem and greatly increase the time and
computational power required to find solutions [12].
Additional amplitude and phase factors can be incorporated
into the image-formation model to account for aberrations
and other defects in the imaging systems. Still more
sophisticated generative models based on the Debye-Wolf
integral formalism can be used to more fully account for
spatially varying phase delays and polarization rotation in
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the imaging system [13, 14]. Such elaborations have been
used successfully to measure colloidal interactions and to
track the motions of colloidal clusters.

1.3 Effective-Sphere Analysis

Holograms of general particles also can be analysed with
the computationally efficient generative model for
homogeneous spheres. The estimated values of d, and n,
then reflect properties of an effective sphere that encloses all
of the phases that make up the actual particle. These
effective-sphere parameters can offer insights into the
particle’s actual properties.

A porous particle, for example, includes a matrix
composed of a material of refractive index n, that fills a
fraction, ¢, of its volume and also the fluid medium with
refractive index n,, that fills the rest of the volume.
Provided the pores are smaller than the wavelength of light,
the measured refractive index is given by Maxwell Garnett
effective-medium theory as [7]

_ 1+2¢ L(my)
T T omy)” @)

L(m)="= 3)

m+2

where

is the Lorentz-Lorenz function and my = ny/n,,. This model
has proved effective for monitoring molecules infiltrating
nanoporous colloidal spheres [7] and for measuring the
fractal dimensions of nanoparticle agglomerates [15, 16] and
protein aggregates [17].

While effective-sphere analysis lacks the rigor of a
detailed model for light-scattering by a structured particle,
its speed and generality create opportunities for practical
applications.

1.4 Machine-Learning Implementation
Holographic  particle  characterization
challenging image-analysis problems that can be addressed
effectively with machine-learning techniques. Figure 2
schematically presents an end-to-end implementation [8].
The analytical pipeline takes as its input a normalized
hologram containing an unknown number of features
associated with colloidal scatterers. The first stage uses a
convolutional neural network [18] to identify features of
interest, to estimate the centroid coordinates, x,, and y,,, for
each feature, and to estimate the feature’s extent, w,, in the
field of view. The feature is then cropped, scaled to a
standard size and then fed into a second network that
estimates the particle’s axial position, z,, diameter, d,,, and

involves

refractive index, n,. Both stages consist of convolutional
neural networks (CL) whose abstract outputs are parsed
into physically relevant parameters using fully-connected
neural layers (FC).

The complete network in Fig. 2 has more than 60,000
parameters whose values are optimized through training on
several thousand sample holograms that span the
anticipated range of single-particle properties and particle
numbers in the field of view. Most such training processes
require experimental images, each of which must be

annotated with ground-truth results. Fortunately, the
training and validation data for holographic particle
characterization can be computed with the generative
model from Eq. (1) and therefore can span a much wider
parameter domain than could be accessed with
experimental data. In practice, a well-trained neural-
network implementation performs far better than
conventional particle-tracking algorithms for detecting and
localizing holographic features and can rival the precision
of nonlinear least-squares fitting for estimating the particles’
positions and individual characteristics. The parameters for
the estimation module fit within 200 kbytes of storage,
which is remarkable given the complexity of the underlying
Lorenz-Mie theory. The machine-learning implementation,
moreover, is exceptionally fast and can support real-time
analysis for high-throughput applications.

Input: image
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Figure 2 The CATCH deep neural network for holographic
particle tracking and characterization uses a combination of
convolutional layers (CL) and fully-connected layers (FC) to

detect and localize features of interest in a normalized hologram,
and then to perform regression on each feature to estimate the
associated particle’s three-dimensional position, T, =

(xp,yp,zp), radius a,, and refractive index n,. From [8].

2 Applications

Quantitative analysis of colloidal holograms provides an
unprecedented wealth of particle-resolved tracking and
characterization ~data with important real-world
applications. Two examples illustrate the value of the extra
dimensions of information provided by holographic particle
characterization and the utility of the effective-sphere
interpretation for fast precision monitoring of molecular-
scale processes.

2.1 Differentiation of Particles in Biopharmaceuticals
Biopharmaceutical products consist of therapeutic
proteins dissolved in buffer along with surfactants and
other excipients intended to improve performance and
prolong shelf life. These products fail if the highly
concentrated proteins bind to each other, forming insoluble
micrometer-scale aggregates. Not only are the aggregates
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ineffective as therapeutic agents, but they can trigger
dangerous immune responses. Detecting aggregates is
challenging because typical formulations are full of other
micrometer-scale particles such as inert silicone oil droplets,
glass and metal microparticles from the manufacturing
process, and benign aggregates formed from breakdown
products of surfactants. All of these are indistinguishable to
conventional particle-characterization techniques.
pldp, np) [um~1]
0.2 0.4 0.6

[ —"—_|
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Figure 3 Holographic differentiation of particles in a
biopharmaceutical formulation. Each point represents the
properties of one particle and is coloured by the observed

probability density of measurements. Three populations of
particles are differentiated by refractive index. From [19].

Figure 3 shows experimental results for holographic
characterization of a model biopharmaceutical formulation
that was caused to fail through heat treatment [19]. Each
point in the scatter plot represents the diameter and
refractive index of one particle in the sample. Points are
coloured by the local density of measurements, p(d,, n,).

Three categories of particles are clearly resolved in this
joint distribution. On the basis of their refractive indexes,
they can be identified as silicone oil droplets, surfactant
aggregates and protein aggregates. Whereas the droplets
are spherical, the other major particle types are fractal
aggregates whose measured properties can be interpreted
with the effective-sphere model.

The various types of particles in this heterogeneous
dispersion could not have been distinguished by size alone.
Because the measurement is performed in a known sample
volume, moreover, the absolute concentrations and size
distributions of each type can be obtained with very high
precision. All of this information is invaluable for
optimizing the formulation of biopharmaceutical products
and for monitoring their manufacturing processes.

2.2 Holographic Molecular Binding Assays

Holographic characterization can resolve the diameter of
a micrometre-scale sphere with nanometre precision. This
resolution is good enough to monitor a coating of molecules
forming on the surface of a sphere [20, 21]. Rather than
analysing the sphere with the generative model for a core-
shell sphere, we instead can use the fast and stable analysis

for a homogeneous sphere and interpret the results with the
effective-sphere model.
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Figure 4 Holographic molecular binding assay in which the
effective diameter of functionalized probe beads increases by an
amount Ay because of molecules binding to the surface from a

solution of concentration c after incubation time t. (a) Assay for
the antibody IgG. (b) Assay for the antibody IgM. (c) Control
measurements with alcohol dehydrogenase (ADH) show no
binding. Solid curves are fits to Eq. (4). From [22].

The data in Fig. 4 show typical results for holographic
analysis of molecular binding to the surfaces of
functionalized colloidal beads [22]. The probe beads have
micrometre-diameter cores of polystyrene and are coated
with protein A, a molecule that selectively and strongly
binds antibodies. Any antibodies in solution will stick to the
binding sites with a rate constant k, increasing the bead’s
apparent diameter by an amount

Dg(c, 1) = 28 (1 — e~ke) @)

that depends on the concentration of antibodies, ¢, and the
incubation time 7. The parameter § describes the increase in
the effective sphere’s diameter when its binding sites are
saturated. Rate constants inferred from holographically
measured kinetic binding curves agree with literature
values obtained with conventional biochemical assays [22].
Holographic assays can be performed on far smaller sample
volumes, require far fewer preparatory and analytical steps,
and lend themselves to multiplexing on the basis of the size
and composition of the substrate beads. These fast and
precise assays make full use of the nanometre precision for
particle sizing made available through holographic
microscopy.

3 Discussion

Holographic microscopy encodes a treasure trove of
information about colloidal materials into a readily
accessible video data stream. A lot of that information can
be extracted in real time through analysis with generative
models for the image formation process. Even an idealized
model for light scattering by homogeneous spheres can cast
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valuable light on the properties and microscopic dynamics
of complex heterogeneous colloidal dispersions. The nature,
quantity and quality of information accessible through
holographic particle characterization is enabling exciting
new academic and industrial applications. This
comparatively new field is growing rapidly, driven both by
advances in analytical software and hardware, and also by
ongoing discoveries of new systems and phenomena that
can be probed holographically.
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Abstract
Optical imaging of trapped bio-samples poses a serious challenge for large living specimens, such as developing embryos
organoids.

A customized combination of optical tweezers and standing ultrasound waves represents a flexible solution to this problem,
facilitating 3D-manipulation and volumetric imaging.
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Abstract

The main physical limitation of the in vivo microscopic
imaging is associated with light scattering introduced by
irregular and often discontinuous distribution of refractive
index. Scattering of light limits the number of ballistic
photons delivered to and received from the sample. In our
work we try to solve these fundamental physical limitations
by developing new optical coherence imaging techniques,
which utilize spatio-temporally partially coherent light with
access to intensity and phase of detected radiation. In our
research activity we focus on developing new optical
methods that enable to image biological objects in vivo and
in minimally invasive way. We went long way covering
significant spectrum of various sizes of objects — from organ-
size scale up to internal structure of a single cell.

1 Spatio-Temporal Optical Coherence Imaging
Non-invasive optical imaging of biological tissues at the
cellular level is one of the fundamental scientific challenges
of modern physical optics. From a physical point of view,
biological tissue is very often characterized by optical
inhomogeneities with sizes smaller or comparable to the
wavelength of light. The description of light propagation in
such media goes beyond the framework of diffraction
theory, and requires the use of statistical optics techniques.
For this reason, in order to describe the physical effect of
perturbations on the formation of optical reconstruction in
such media, we introduced and then experimentally
verified the model using the formalism of the matrix of the
spectral degree of coherence of light, G [1-3]. This formalism
describes the process of disruption of image reconstruction
in the presence of optical inhomogeneities in the form of
spatio-temporal correlations. Quantifying these correlations
allows us to distinguish useful signal from noise, leading to
so-called optical crosstalk. The non-crosstalk signal
associated with ballistic photons corresponds to the
diagonal elements of the G matrix, in contrast to the noise,
which is associated with the extra-diagonal elements of the
G matrix. In view of this, in order to remove optical
crosstalk, the phase of the incident optical field must be
suitably modulated in order to obtain a diagonal G matrix
after averaging multiple realizations of the optical fields.

In order to experimentally validate this approach, we
used full-field swept-source optical coherence tomography
(FF-S5-OCT) interferometry of partially coherent light with
parallel detection [4, 5]. With
interferometry, we gain access to additional information
encoded in the phase of the optical field. This additional
information has been crucial for quantifying and controlling
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Figure 1 Spatio-Temporal Optical Coherence Imaging: A.
STOC-T system using a long multimode fiber for spatial light
decoherence. B. examples of volumetric imaging of the cornea and
retina of the human eye.

In practice, these disturbances lead to optical crosstalk,
which creates coherent noise that reduces resolution and
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imaging range. As a result, this limits the widespread
adaptation of imaging interferometric methods such as FF-
SS-OCT for practical and clinical applications for non-
invasive imaging of biological tissue. To address this
problem, we performed experimental (hardware)
diagonalization of the G matrix using spatio-temporal
modulation of incident light on the sample [2]. By
appropriately parameterizing this modulation, we removed
spatial coherence, which is confirmed by diagonalizing the
coherence matrix. As a final result, we were able to visualize
a static object hidden under a strongly scattering layer (ex
vivo rat skin). With this, we obtained a new way of
modulating light, which we called spatio-temporal optical
coherence STOC imaging. We define imaging techniques
that use STOC in general as (STOC) optical tomography
(STOC-T).

Based on this research, we took on another
challenge in which we sought to create an optimal and fast
way to modulate the coherence of light. After analyzing
multiple technologies, we used a very fast deformable
membrane that effectively acts as a random phase mask. In
addition, we combined this modulation with angle-varying
sample illumination [5]. Using this method, we showed that
we could control the spatial coherence of the light. We
proved this by arbitrarily selecting the spatial coherence
gate in the imaging system. Using this approach, we
redesigned the optical system to adapt it for in vivo imaging
of the human fundus. Our research hypothesis was that
removing the optical crosstalk would allow non-invasive
imaging of the deep layers of the retina (known as the
choroid). This has not been possible so far with classical
optical tomography with partially coherent light
interferometry, as well as the FF-SS-OCT technique due to
multiple light scattering. In a later phase of the work, we
optimized the system using a multimode optical fiber to
introduce spatial decorrelation of the incident light on the
measured object (Fig. 1A.). In this configuration, the
decorrelation is done by introducing a delay between spatial
modes by the coherence time of the light source. In this way,
the interferometric system gets rid of parasitic signals from
multiple scatterers and minimizes speckle contrast.

We demonstrated high-resolution, high-speed,
non-contact volumetric imaging of the cornea in vivo [6, 7].
The spatial coherence of the laser source was suppressed to
prevent it from focusing on the macula on the retina, thereby
exceeding the maximum allowable light intensity. The
inherently volumetric nature of the acquired data made it
possible to align the curved layers of the cornea. The images
obtained revealed the cellular structures of the cornea, such
as the epithelium, stroma and endothelium, as well as the
subbasal and midbasal nerves (Fig. 1B.). The second
application was in vivo imaging of the human retina. Figure
1B. shows STOC-T's capabilities in this area. STOC-T offers
visualization of the anatomical details of the retina in en face
projection without the need for complex hardware adaptive
optics, yielding results previously unattainable for OCT [8].

Particularly noteworthy are images of the structure of the
choroid, which is unavailable for measurement by other
optical methods.

As part of our work, we developed a new
approach to control the coherence of light used in imaging.
As a result, we created a new tool for imaging biological
objects, which we called spatio-temporal optical coherence
tomography (STOC-T). Specifically, the removal of optical
field perturbations from optical inhomogeneities of the
medium (biological tissue), allows us to non-invasively
image deeper layers of the specimen. This unique feature
also allows us to quantitatively analyze the dynamics of
blood flows in the deep layers of the sample. The new
STOC-T method for imaging biological structures of the eye
enables in-vivo imaging with microscopic accuracy, but the
final imaging results require additional iterative geometric
aberration correction algorithms to obtain sharp images.

2 Acknowledgement

Work supported by grant from National Science Centre
(2016/22/A/5T2/00313);

3 References

[1] D. Borycki, M. Nowakowski, and M. Wojtkowski, "Control of
the optical field coherence by spatiotemporal light modulation,"
Optics letters 38, 4817-4820 (2013).

[2] D. Borycki, M. Hamkato, M. Nowakowski, M. Szkulmowski,
and M. Wojtkowski, "Spatiotemporal optical coherence (STOC)
manipulation suppresses coherent cross-talk in full-field swept-
source optical coherence tomography," Biomedical Optics
Express 10, 2032-2054 (2019).

[3] M. Wojtkowski, P. Stremplewski, E. Auksorius, and D. Borycki,
"Spatio-Temporal Optical Coherence Imaging - a new tool for
in vivo microscopy,” Photonics Letters of Poland 11, 45-50
(2019).

[4] E. Auksorius, D. Borycki, and M. Wojtkowski, "Crosstalk-free
volumetric in vivo imaging of a human retina with Fourier-
domain full-field optical coherence tomography,” Biomed Opt
Express 10, 6390-6407 (2019).

[5] P.Stremplewski, E. Auksorius, P. Wnuk, L. Kozon, P. Garstecki,
and M. Wojtkowski, "In vivo volumetric imaging by crosstalk-
free full-field OCT," Optica 6, 608-617 (2019).

[6] E. Auksorius, D. Borycki, P. Stremplewski, K. Lizewski, S.
Tomczewski, P. Niedzwiedziuk, B. L. Sikorski, and M.
Wojtkowski, "In vivo imaging of the human cornea with high-
speed and high-resolution Fourier-domain full-field optical
coherence tomography," Biomed Opt Express 11, 2849-2865
(2020).

[7] D. Borycki, E. Auksorius, P. Wegrzyn, and M. Wojtkowski,
"Computational aberration correction in spatiotemporal optical
coherence (STOC) imaging," Optics letters 45, 1293-1296 (2020).

[8] E.Auksorius, D. Borycki, and M. Wojtkowski, "Multimode fiber
enables control of spatial coherence in Fourier-domain full-field
optical coherence tomography for in vivo corneal imaging,"
Optics letters 46, 1413-1416 (2021).

24



BEAM SHAPE DESCRIPTION AND EFFECTS

25



o
<Ip 1—0

Laser-light and Interactions with Particles
Optical Particle Characterization follow-up !
August 21-26th, 2022, Warsaw, Poland

qﬂ INSTYTUT FIZYKI
POLSKIEJ AKADEMII NAUK

DIVERGING AND CONVERGING SCHEMES OF APPROXIMATIONS FOR GAUSSIAN BEAMS

Gérard GOUESBET?, Jianqi SHEN? and Leonardo André AMBROSIO3

! Coria, Normandie University, Saint-Etienne du Rouvray, 76800, France
2 College of Science, University of Shanghai for Science and Technology, Shanghai, 200093, China
3Department of Electrical and Computer Engineering, Sao Paulo University, Sao Paulo, 13566-590, Brazil

Corresponding author: gouesbet@coria.fr

Abstract

EM Gaussian beams are the most celebrated and used
kind of laser beams, and their description for various
applications, such as light scattering and optical particle
characterization, has therefore a long and venerable history.
To this aim, the Davis scheme of approximations has been
one of the most celebrated. An overlooked paper has
nevertheless established a quite unexpected result, namely
that this scheme is actually divergent. Our presentation will
discuss the main features of this divergence and recall the
existence of convergence schemes which have been
deduced from the divergent Davis scheme.

1 The Davis scheme and its divergence.

The Davis scheme of approximations relies on the
introduction of an x-polarized potential vector [1-2], from
which we may deduce electric and magnetic field
components in the Lorentz gauge. The Gaussian beam is
characterized by a small parameter denoted “s” and called
the beam confinement factor (or beam shape factor). The x-
component of the potential vector satisfies the Helmholtz
equation. The solution is searched under the form of an
infinite series in terms of even powers of “s”. Only the first-
order, third-order and fifth-order approximations which
respectively contain terms up to O(s?), O(s*) and O(s®) are
explicitly known. None of the approximations in the
scheme satisfies Maxwell's equations which are only
satisfied in the infinite-order limit. Nevertheless, the first
three terms of the series are sufficient to obtain, in practice,
a good description of a Gaussian beam. The convergence of
the whole series, considering the small value of the beam
confinement factor (0 for a plane wave, typically 10
for a moderate focusing, and 1/6 for an extreme focused case
when the wave-length is about equal to the beam waist
radius of the beam), has been considered as guaranteed. In
a very overlooked paper [4], it has surprisingly been
demonstrated that the series is actually divergent.

The demonstration of the divergence is sophisticated and
relies on the study of a partial differential equation for the
x-component of the potential vector whose solution is
researched under the form of infinite series defined by
recurrence relations between expansion coefficients. The
study of the successive terms of the series shows that the

series, to begin with, converges to a satisfactory solution,
before diverging. We shall return to such a behaviour later.

2 Convergent schemes.

From the divergent Davis scheme, two convergent
schemes have been however developed and are known
since a long time.

The first one is the localized approximation schemes
whose convergence is ensured by the fact that they produce
closed-form expressions, whose validity in the case of
Gaussian beams has been established both for on-axis
configurations [5] and for off-axis configurations [6]. These
closed-form expressions provide the evaluation of the beam
shape coefficients which encode the structure of the beam
and from which we may evaluate all field components of
the Gaussian beam.

The second one relies on the evaluation of the beam
shape coefficients directly from the first-order, third-order
and fifth-order Davis approximations. It is found, after a
significant amount of calculation, that for each of these
cases, the beam shape coefficients are the summation of
terms which do not depend on the coordinates and on non-
constant terms which do depend on the coordinates. These
coordinate-dependent terms are artefacts produced by the
fact that the Davis beam approximations do not satisfy
Maxwell’s equations. Once they are removed, we obtain
beam descriptions which exactly satisfy Maxwell’s
equations. For instance, in the simple case when the beam
waist centre of the beam is located at the origin of the
coordinates, the beam shape coefficients simply read as [1-
(n-1)(n+2)s?] for the first-order Davis beams, and similar
simple although longer expressions for the third-order and
for the fifth-order Davis beams.

We have then defined standard beams as the infinite
generalization of the beams defined by the first Davis
beams when the artefacts are removed.

In a first version, called standard beams, we obtain a
satisfactory description of Gaussian beams, but the series
obtained possessed a limited radius of convergence. An
improved standard beam scheme has afterward been
designed whose convergence was guaranteed [7].
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3 Complementary discussion

The divergent series of the Davis is an example of
asymptotic series which is reminiscent of asymptotic series
encountered in quantum electrodynamics. Such series are
non-convergent series which however provide a correct
result if we limit ourselves to a few terms. A paradigmatic
example is the evaluation of the electron g-factor which is a
dimensionless magnetic moment. It may evaluated by a
series reading as g/2=1+C(1)a+C(2)a? +...

In this series, a is a small parameter (the fine structure
constant) equal to 1/137.035..., from which we might have
expected a fast convergence of the series. Such is not the
case however, and the calculations of the successive
coefficients, relying on an evaluation of an increasing
number of integrals related to Feynman diagrams, become
more and more complicated. For instance, the calculation of
C(3) requires the evaluation of 72 integrals while C(4)
requires the evaluation of 891 integrals [8]. The theoretical
value, obtained by summing only such few terms, is found
to be 1. 001159652181 [9] to be compared with an
experimental value equal to 1.001 159 652 180 [10]. The
origin of the divergence of such series in QED is attributed
to the punctual character of “lines” in the Feynman
diagrams and have at least a possible solution in the
framework of superstring theories when the “lines” of the
Feynman diagrams are replaced by “tubes”. This means
that infinities in quantum electrodynamics might have and
certainly have a deep physical meaning.

The question is then open to know whether the
divergence of the Davis scheme is purely “accidental” or
whether there is a deep physical meaning as well behind
such a behavior.
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Abstract

Recently, attention has been paid to light scattering
problems involving photophoresis with arbitrary-shaped
beams. In particular, the determination of longitudinal and
transverse photophoretic asymmetry factors (PAFs) plays a
crucial role in the scattering problem by lossy
microparticles, since such factors are proportional to
photophoretic optical forces. Here, we show that semi-
analytical formulas recently presented for PAFs associated
with light scattering by lossy infinite cylinders, relying on
integrals with products of Bessel functions of the first kind
and their derivatives, can actually be given a complete
analytical form, therefore speeding up calculations in light-
matter interaction between an incident optical field and a
cylindrical scatterer with unbalanced heat absorption. To
the best of the authors knowledge, the solutions to such
integrals are not available in the literature.

1 Introduction

When a lossy and homogeneous rigid microparticle
absorbs light, unbalanced heat absorption takes place that
gives rise to thermal forces called photophoretic forces F,
[1-6]. The determination of such forces is usually
accomplished by first finding quantities called
(photophoretic) asymmetry factors (PAFs), J, [1], or
asymmetry vectors, r,, [7]. For instance, under uniform
plane wave illumination and assuming propagation along
+z, F, =2F, 2], , the proportionality depends on
hydrodynamic and thermal properties of the external fluid
and the particle [1,7].

In a series of recent works, Mitri explored the interaction
between a lossy infinite cylinder and arbitrary-shaped
beams and provided expressions for the PAFs using a semi-
analytic approach. This approach, based on a partial wave
expansion of the internal fields, has been shown to be valid
either for isolated dielectric or magnetodielectric cylinders
or for cylinders close to planar boundaries and corner
spaces [8-10].

A common fact about all the expressions for the PAFs
available in these works is the presence of integrals of the
following form:

1

I = [£09, (mkag) s (mikas)ds (1)

0
and

.t n(n+)) .
IL=||—=J ka&)J ki
2 _!- ‘mc‘z (ka)z n(mc aé) nil(mc ag) (2)

+&E2 (mcka(g)agﬂ(m;kag)]dg

In Egs. (1) and (2), n is an integer (—0o<n <o), Ju(x) are
Bessel functions of the first kind, a is the radius and m. is the
complex relative refractive index of the cylinder with
respect to the surroundings, respectively, k = 2n/) is the
wave number in the external medium, A being the
wavelength. A prime denotes differentiation with respect to
the argument, and an asterisk denotes complex conjugation.

Due to the lack of known available analytical solutions to
Egs. (1) and (2), in [8-10] numerical techniques are
employed in order to have accurate values of I, and I, .
However, here we show that these integrals can actually be
solved after a great deal of algebra.

2 Analytical Expressions for I1* and I»*

To solve Eq. (1), we define new variables p=x& with x =
ka being the size parameter of the scatterer. Then, we
consider a similar integral, valid for arbitrary real (not
necessarily real) v:

X

1 .
= [P*3.(mp)3s(mp)dp €)

0
Next, we make use of the recurrence relation
Jym(Mmp) = (v/m,p)d,(mp) £ J(M.p) to break Eq. (3) into
two integrals:

1P mp) 3 (mp)dp = [ o3, (mp) dp
0 0

1 .
F5[P".(mp)3 (mp)dp
0

The first integral in the r.h.s. of Eq. (4) can be solved
using a similar indefinite integral available in [11], see item
5.54, p. 639, or in [12], see (8), Sec. 5.11 where v is an integer,
and one gets:
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Im[m,x, . (m,x)J; (m,x) |

Im(my)

R =[p[3,(mp) dp= (5)

For the second integral in the r.h.s. of Eq. (4), one works
out Egs. (60) and (61) of [5], which are expressed in terms of
Ricatti-Bessel functions. After some arrangement and
simplification, and performing a substitution of the form
v—Vv-1/2, one has

S, =[p*3;(m.p)3;(m.p)dp
0
i

= _W(mf){xz [mc \Jv(mcx)\2 +m;

2
—Z{mc +vRe(m°)} R, +2vm,R }
m

L] ©

c v+l
c

Imposing v = n, substituting Egs. (5) and (6) in (4) and
after some simplification, one finally arrives at

. 1l n=_ =«
Iy =X{m* RF(S) }

C

@)

Equation (7) shows that a full analytical solution can be
given to Eq. (1). Similarly, one can also solve for Eq. (2).
Although straightforward, we shall here omit the details,
which involves the use of recurrence relations to break into
parts and rewrite the term with products between
derivatives of Bessel functions in the second line of Eq. (2).
One then performs some rearrangements and identifies
each new integral either with either R, S, or IS . After
some algebra and simplification, one can then show that:

. 1(nxl-= =
I, :Xg[rn*RnﬂiSnj 8)

The validity of Egs. (7) and (8) have been assessed by
running computer simulations. They have been compared
with the integrals with Egs. (1) and (2) by implementing
them using the commercial software Wolfram Mathematica
12.1 Student Edition. The code was then run on a personal
computer [Intel(R) Core(TM) i7-3630QM CPU @ 2.40GHz,
16.0 GB]. Elapsed times for each case have also been
computed and saved for comparison.

The solutions provided by Egs. (7) and (8) can be used to
evaluate the PAFs for infinite homogenous cylinders. As we
intend to show during the conference, divergences between
Egs. (1), (2) and Egs. (7), (8) are attributed to numerical
errors and can be made smaller by increasing the numerical
precision. Computational burden is reduced by
approximately two orders of magnitude.

3 Conclusions

We have here derived exact and analytical solutions to
integrals with products of Bessel functions of the first kind
and their derivatives which, to the best of the authors
knowledge, are not available anywhere in the literature.
Such solutions are of special importance in light scattering

problems by lossy and homogenous infinite cylinders,
mainly in the determination of photophoretic asymmetry
factors. However, it is expected that the present work serves
as a first step towards new analytical solutions to classes of
integrals involving products of Bessel functions of different
kinds and their derivatives, as happens to be observed
when the cylinder is not electromagnetically homogeneous.
A similar problem might occur for multi-layered/coated
spheres, and the results here presented can certainly be of
help in putting aside semi-analytical methods in the
analysis of photophoretic forces and asymmetry factors for
arbitrary shaped beams in generalized Lorenz-Mie theories.
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Abstract

We describe the intensity fluctuations due to scattering
from sparse distributions of axisymmetric dipolar particles
illuminated by space-polarization entangled fields. We
show that, unlike traditional type of illumination, this
approach permits controlling the scattering regime and, in
certain conditions, provides means to optimize the retrieval
of asymmetry factors using the scattered intensity
measured by a single detector.

1 Introduction

Traditional techniques for particle characterization by
light scattering are based on well-defined interaction
volumes [1, 2]. However, space-polarization entangled
fields allow changing this paradigm and divide the
interaction volume into distinct regions illuminated with
different polarization states [3, 4]. Further, it is known that
a polarimetric analysis of scattered fluctuations enables a
more detailed characterization of random media [5]. In this
work, we study the light scattering from a sparse group of
anisotropic but axisymmetric particles illuminated by such
a structured field and demonstrate that the contrast of
intensity fluctuations is highly sensitive to particle
anisotropy. The concepts and results of this work should be
of interest for remote sensing and the characterization of
particulate matter.

2 Scattering from 2 axisymmetric dipoles

The anisotropic polarizability of a single scattering
object can be obtained by analyzing the statistical moments
of polarimetrically measured intensity distributions[6, 7].
Here we start by examining the canonical example of two
identical axisymmetric dipoles that are coherently excited.
The particle’s polarizability tensor is a diagonal matrix e =

a

diag(ay,a;,a;) characterized by the aspect ratio r = -
2

These scattering centers are at different but fixed spatial
locations. Their orientations are independent of each other
and are uniformly randomly distributed during the
measurement. Let E; and E, be the projections of the fields
scattered from each dipole onto a common polarization
state. It can be shown that the first and second moments of
the far-field scattered intensity, I = E? = (E; + E;)?, are
(o = (Elz)o + (Ezz)o + 2(E1)o(E2)o
(12)0 = (Ef)o + (Eg)o + 6(E12 >0(E22>o +
AHETD) o(E2)o + HE1)o(E3 )0, M

where (... ), represents orientation averaging.
Var(Il)
1"

of intensity fluctuations for two types of illuminations

In the following, we will analyze the contrast C =

shown in Figure 1. Each of the two dipoles can be excited by
a field that is either parallel or orthogonal to the orientation
of the analyzer generating “parallel” E, or “crossed” Ey
scattered fields, respectively. When both excitations are
parallel to the analyzer orientation, (E{‘)o = (Eé‘)o = (Eﬁ‘)o
in Eq. (1) and the contrast can be written as

(i), + 3(ER ), + 4(E] ), (E), , @

2 ((E"Z)O +(Ey )(2,)2
(a) (b)

Ey E
.»/» .>/>
® ®
v E v E
@b @b
.r/-v :>/>
®E|| ® Ex

Figure 1 Detected field E is generated by the coherent
superposition of scattered fields from two independent dipoles,
which are (a) both excited by field vectors parallel to analyzer
orientation and (b) one of them is excited by field vector parallel and
the other by a field orthogonal to the analyzer.

When one of the excitation fields is “crossed”, it can be
shown that (E,), = (E3), = 0 in Eq. (1) and the contrast
becomes

(Eif), + (B0 + 6(EF ) (ER)o . ®)
((E2), +(E2),)’

Since the scatterers are axisymmetric, the contrasts will
depend on their aspect ratio r (r > 1 for prolate, r < 1 for
oblate, and r = 1 for spherical particles). The two contrasts
C, and C, are plotted in Figure 2 for the case where the
dipoles are illuminated by equally intense fields. We note
dc, .
—=, which
dar
suggests that the statistical properties of the intensity
fluctuations are more sensitive to shape when the excitation
field are not both parallel to the analyzer’s orientation.

s . . d
that, within a certain range of aspect ratios, d—CrZ >
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C,, Co-polarized
1 C, Orthogonally polarized

r

Figure 2 Contrast of intensity fluctuations as function of aspect
ratio when both excitation fields are parallel and when one of them
is orthogonal to the direction of the analyser.

3 Scattering from group of axisymmetric particles

Let us now consider a more realistic situation where N
identical axisymmetric randomly orienting dipolar particles
are randomly positioned in space. The particle group is
sufficiently sparse such that it scatters light in the so-called
“single scattering” regime. Unlike the previous section, this
process now is characterized by two stochastic parameters:
random orientations and random positions.

When the particle group is excited by a space-
polarization entangled field such as, for instance, a
cylindrical vector beam, the total interaction volume can be
considered as two distinct orthogonally polarized regions.
Effectively, a fraction v- N of all particles is excited by a
field polarized parallel to the analyzer (co-polarized) and
the rest of the particles are excited by a field polarized
perpendicular to the analyzer
schematically shown in Figure 3.

:I
[ ]
Y

Figure 3 Schematic of two spatially distinct and orthogonally
polarized regions containing different numbers of identical,
anisotropic, and randomly oriented particles.

(cross-polarized) as

When the final scattered field is modelled as a 2D
random walk in the complex plane with distributed step
lengths and uncorrelated particle positions and amplitudes

[8, 9], the contrast is given by
Cix

=1+

1 (v (B, - 2(E2)2) + (A = IUED, - 2<E§>§)> @)
N (v(g), +(1- 1;)(153)0)2

where E} and Ey are scattered fields from a single dipole
excited under co-polarized and cross-polarized conditions,
respectively. In Eq. (4), setting v =0 and v = 1 gives the
contrast for the cross and co-polarized excitations of a single

interaction volume and setting v € (0,1) gives the contrast
for different volume ratios of orthogonally polarized
interaction volume. These contrasts are plotted in Figure 4
as a function of aspect ratio for the case of N = 100 particles.

There are three key features to note. First, in a cross-
polarized setting (v = 0), the contrast is independent of
particle shape. Second, within a certain range of aspect
ratios, the sensitivity of contrast to particle shape is higher
for v <1 than that for v =1. Third, the sensitivity of
contrast is maximized when v is minimized.

(@) (b)

1.01

Contrast
Contrast

0.99

r T

Figure 4 Contrast of intensity fluctuations as a function of aspect
ratio for 100 particles distributed (a) in a single co and cross-
polarized and (b) two orthogonally polarized interaction volumes.

4 Discussion and Conclusions

The improved sensitivity can be understood by
considering the length distributions and number of steps in
the random walk model. Analyzing the orientation
averaged scattered intensities indicates that when excited
by identical fields, the intensity scattered by a single
axisymmetric dipole is, on average, higher in the co-
polarized setting. Hence, when a subset of all particles is
excited in this manner, the magnitude of the associated
phasors are increased compared to the ones corresponding
to the cross-polarized particles. From a macroscopic point
of view, the space-polarization structuring effectively
reduces the total number of particles contributing to the
final field leading to a non-gaussian distribution of
measured intensities [8, 10].

Since the mismatch between co and cross-polarized
scattered intensities reaches a maximum around r = 1, the
effective number reduction is most prominent for particle
aspect ratios close to 1. Consequently, the highest sensitivity
enhancement is observed around r = 1, which could be an
appealing practical characteristic. Furthermore, adjusting
the volume ratio v allows control over the range of aspect
ratios within which this improvement occurs.

In conclusion, we modeled the fluctuations of intensity
scattered from a sparse distribution of subwavelength
axisymmetric particles excited by space-polarization
entangled fields. We demonstrate that by tuning the
polarization state of the illumination across distinct spatial
regions one can isolate the volume of interaction and
effectively control the number of particles contributing to
the detected intensity. This all-optical procedure permits
establishing the desired regime of non-gaussian intensity
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fluctuations in which the sensitivity to scatterers’
asymmetry can be optimized. The results presented here
should be of interest for characterizing non-spherical
particles for biosensing[11, 12], monitoring
polymerization[13, 14] and characterizing mnaturally
occurring random media[15].
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Figure 1 Experimental setup schematic visualisation.

Abstract

Luminescent nanoparticles (LNPs) were used as nano-
probes to investigate possible evolution scenarios of slowly
evaporating free microdroplets of (light-absorbing)
suspension. Single microdroplets were kept in a linear
electrodynamic quadrupole trap. It was found that intense
(~50 W/mm?) laser light may influence the distribution of
light-absorbing nanoparticles in the microdroplet. Since the
microdroplet acted as an optical spherical resonance cavity,
the interaction of nanoparticles with light reflected the
internal light field mode structure. Such interaction
becomes nonlinear via positive feedback. It led, among
others, to a very significant increase in modulation depth

and narrowing of spherical cavity resonance maxima (of
whispering gallery modes observed both in luminescence
and scattering. Though such nonlinear phenomena are not
expected to be induced by solar light intensities, they
should be considered for freely propagating laser beams at
light intensities much lower than those usually associated
with non-linear optical phenomena.

1 Experimental setup and procedures

The experiments were conducted in a linear electrody-
namic quadrupole trap (LEQT) (compare [1]) equipped
with two plate electrodes perpendicular to the trap axis

o acoustic amplifier
digital camera

high-voltage (neon) transformer

1:7 transformer

/
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(Figure. 1). The LEQT axis was kept in vertical position —an
orientation/symmetry favourable for balancing the
levitated microdroplet weight and eventual other forces
along this axis (see below). Electrically charged droplets
were confined horizontally with the quadrupolar AC field
of rod electrodes, while vertical confinement was achieved
with the DC field of plate electrodes. The field between the
plates electrodes in the presented configuration is not
homogeneous but exhibits a gradient, which enables
translating of microdroplets vertically by varying the ap-
plied voltage. The (vertical) position of the levitating micro-
droplet was observed with a digital camera (Smartek,
GC65IMP, equipped with IR filters) through a high-
magnification microscope with the resolution of ~1
um/pixel. This enabled setting up a stabilization loop and
keeping the droplet at the desired vertical location — on the
(horizontal) axis of the light-collecting optics. In order to
find this point, an analogue camera with medium-
magnification objective was placed in front of light-
collecting optics. This camera also enabled supervision of
the volume of the trap and detecting unwanted stray
microdroplets /microparticles.

The trap had aluminium shielding jacket, which
screened it from external (static) fields and minimized
thermal gradients along the wall. The trap with shielding
was kept in an air-tight chamber (not shown in the figure)
with windowed ports.

Microdroplets were delivered to the trap with a droplet-
on-demand piezoelectric injector equipped at the nozzle
with annular electrodes for droplet charging. The charging
high voltage was switched on only for the droplet injection

Figure 2 Visualization of a distribution of 102 LNPs in a
microdroplet obtained with the evolution numerical model.
The LNP and microdroplet radii were 435 nm and 39 zm

respectively.  Coulomb  repulsion was taken into

consideration, but no interaction with light.

while off directly afterwards, in order not to influence the
trapping field during the stabilising loop operation.

In the presented experiments, the microdroplets were
formed from a suspension of Gd203: 1% Nd* LNPs in
tetraethylene glycol. The LNPs were produced in-lab with
the homogeneous precipitation method (compare [2]). 0.89
g of gadolinium nitrate Gd(NOs)s - 5H20 and 3.6 mg of
neodymium chloride NdCls - 6H2O were used for the
synthesis. 3.6 g of urea CO(NH-): were used as the reducing
agent. An aqueous solution (200 ml) of oxidants and
reducing agent was prepared, which was heated to 85°C
and shaken in a water bath for 4 h. The obtained nanoparti-
cles were washed in distilled water four times and
centrifuged in a laboratory centrifuge. Centrifugation
parameters: 6000 rpm, 15°C, 15 minutes. A white powder
was obtained which was dried overnight in a drying oven.
Next, the nanoparticles were calcined in a laboratory
furnace at 900°C for 3h. We used LNPs with the diameter of
87045 nm (compare Figure. 2). The dispersion medium was
chosen for its very low volatility and high polarizability.
Slow evaporation of the droplet enabled long integration
time in light-detection scheme, while high polarizability
ensures easy and stable microdroplet charging. The initial
LNPs concentration in the prepared suspension was ~5
mg/ml (which corresponds to ~10 LNPs in a 12-nm-radius
droplet). However, due to the density of Gd20s (7.1 g/cm?)
being much higher than that of tetraethylene glycol (1.1
g/cm®), sedimentation readily manifests, leading to
significant variation in the actual initial LNPs concentration
in microdroplets. We tried to avoid this by conducting
suspension preparation, injector loading and droplet
injection (experiment) in quick succession.

The levitating microdroplet was illuminated with two
perpendicularly polarized CW laser beams of two
wavelengths: 805 nm (IR, 1.6 W) and 655 nm (red, 30 mW).
Both beams were used for scattering measurements, while
the IR was also used for luminescence excitation, and the
red for droplet position stabilization.

For optical probing of the microdroplet we used Nd3*
Iuminescence at 5 close-lying spectral lines: 879, 892, 894,
911, 927 nm. In particular the 892-894 nm doublet presented
a valuable sounding tool. The experiments on luminescence
of Gd203Nd3, were conducted with FT spectrometer
(Bomem, DA8) equipped with PMT (®3¥Y-62) covering the
spectral range of 400-1100 nm, showed that the
luminescence intensity of Nd** at the 5 lines mentioned
above is comparable to the intensity at 1064 nm — usually
the most prominent Nd** line. For the presented
preliminary experiments we used a small grating
spectrometer with a Si detector (Ocean Optics USB4000, 25
pm slit), which was much easier to integrate with the LEQT.

In order to obtain a measurable luminescence signal, the
IR beam was (mildly) focused. In consequence, it exerted
significant forces, both gradient and photophoretic — thus
the choice of the trap type LEQT and
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geometry/orientation. By following the stabilizing loop DC
voltage, the forces could be balanced and measured, thus
providing additional information.

The scattered light (red and IR) as well as the
luminescence were collected with a dedicated objective
with aspheric achromatic optics. The objective was
equipped with a notch filter (805 nm, OD 6) and coupled to
a multimode 600-pum-core fibre feeding the light to a grating
spectrometer. Reasonable luminescence signals were
obtained for exposition/integration times ~1 s, which set the
luminescence and scattering signals temporal resolution.
However, the temporal resolution of the vertical force
measurement was limited only by the camera frame rate
(~50 fps), which yielded ~20 ms. The evolutions of each
spectral line intensity was extracted from obtained spectra
sequences.

2 Experimental results

A very interesting phenomenon could be observed for a rela-
tively low concentration of LNPs (compare [3-5]). For initial
concentration of 1 mg/ml and a microdroplet of 39 um radius,
there are ~102 LNPs in the droplet (compare Figure. 2). When
evenly distributed on the droplet surface, their average distance
would be ~15 um. Since the microdroplet was evaporating very
slowly (~0.35 nm/s), many optical cavity resonances could be

observed.
1.0 4

0.5+

Scattered light intensity [arb. u.]

0.0 =t T A T

Figure 3 Evolution of scattered light intensity at 654 nm.
Red — mildly smoothed experimental results (LOWESS,
19/3055 of range window), black — Mie theory prediction for
a weakly absorbing sphere (see text).

Due to low LNPs concentration, the broad resonances of a
microdroplet as a whole are plainly visible both in scattering as in
luminescence all the time. The effective absorption of radiation by
the droplet was small — the resonances modulation depth was
generally high. Under closer scrutiny (Figure. 3), a fine resonance
structure can also be detected, again, both in scattering and
luminescence.

The broad resonance structure of scattered light intensity could
be nicely fitted with Mie theory, while for the fine structure, only
some of the peaks positions could be reproduced with a reasonable

accuracy. This is only to be expected, since the field modes
responsible for the narrow resonances are located close to the
microdroplet surface, where LNPs proceed to concentrate and the
medium inhomogeneity is highest. The effective imaginary part of
the refractive index 3(n) at 654 nm, estimated with the fitting was
5-10°3i.

: \’ s, Iy

0 1000 2000 3000

t[s]

Figure 4 An evolution of light intensities representative for
low LNPs concentration: black line — scattering near the
excitation wavelength (805 nm), color lines — luminescence:
orange — 879 nm, green — 894 nm, pink — 911 nm, violet — 927
nm, blue — 942 nm. The vertical scaling of each graph trace is
independent.
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The luminescence signal is more difficult to interpret as carry-
ing more information and hence also more interesting. The exact
shape of luminescence signal cannot be predicted at this stage of
the model development (compare Figure. 6), since the details of
coupling/interaction of luminescent nanoparticles with the
internal light fields of the microdroplet (excitation and
luminescence) is unknown. Interestingly, the fine resonance struc-
ture of the signal precisely corresponds such structure in the
scattering signal. Since the resonances of the internal field
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Figure 5 Magnification of ROI from Figure. 4: spherical
resonator mode — LNPs lattice resonance.
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correspond to those of scattering, it can be inferred that the
correspondence results from absorption of 805-nm-wavelength
internal field higher modes by near-surface LNPs. The slow
oscillations visible in the signal correspond to lower modes of
internal field — distributed more evenly in the droplet volume —
and exhibit influence of microdroplet eigenmodes at the
wavelength of the luminescence (compare Figure. 6). Some
synchronization with the excitation field (805 nm) modes seems
to persist, in particular when that field is stronger at the beginning
of the droplet evolution. This may indicate some influence of
strong excitation field modal structure, either via LNPs ordering
(with photophoretic or gradient forces) or by creating an ordered
distribution of refractive index via local heating due to absorption
in the medium (for 805 nm 3(n) is over an order of magnitude
higher than for 654).

F1.0
1.0
0.9

0.9 0.9
084 0.8
0.8

0.8
0.7

Luminescence intensity [arb.u]

0.7 T T T T T 07
0 1000 2000 3000 4000 5000 6000
t[s]

Figure 6 Dark green — mildly smoothed (Savitzky—Golay,
25/3055 of range window) luminescence signal at 984 nm
(compare Figures. 4 and 5); light green — corresponding total
internal field (energy) calculated with Mie theory for 3(n)
found previously in NIR region.

For the most part of the observed microdroplet evolution the
modulation depth of the fine structure seems in accordance with
the 3(n) found (Figure. 6). However, at a certain moment (4675,
see Figures. 4-6) the luminescence signal slightly but abruptly
falls and the fine structure modulation depth becomes very signifi-
cant. Furthermore, each constructive fine resonance peak exhibits
a very narrow central maximum. Higher modulation depth is also
visible in scattering at excitation wavelength. Again, the fine
signal structure is in synchronisity with such strutcture of the
excitation field, while the broad structure is not and corresponds
to eigenmodes at luminescence lines. The proposed scenario is
that the surface LNPs are ordered by the excitation filed via
photophoretic forces, which direct LNPs to local field minima —
hence slight decrease of overall luminescence intensity — thus
forming an LNPs latice (near the droplet surface), which in
resonance with the excitation field (modes). The process provides
a positive feedback (stronger field — finer positioning in the node),
which results in narrowing of resonance maxima. For some time
the LNPs latice follow the evolution of field nodes, but due to
microdroplet movements/rotations the order is gradually lost. As
can be seen in Figure. 2, forming of LNPs lattice by Coulomb
forces is out of question for such a low concentration fo LNPs.

The onset of the same phenomenon can also be spotted at 1749
s. However, the manifestation was much shorter.
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Abstract

The influence of non-diffractive scattering mechanisms
in the formation and analysis of Digital-In-Line (DIH)
holograms is studied. The electromagnetic calculations are
performed with the Generalized Lorenz-Mie Theory
(GLMT), as well as Debye’s series and the localization
principle. Numerical results clearly demonstrate the
importance to account for partially refracted waves and, to
a lesser extend, of edge waves effects.

1 Introduction

DIH is generally considered to be a laser diffraction
technique operating in the near-field (i.e. for Fresnel
numbers, F>1 [1]). As the result of a pure diffraction
process, induced by the discontinuity in the optical
properties of the propagating medium at the particle
boundary (2D projected contour of the particle), the
hologram characteristics are thus independent from the
particle material properties. Therefore, the hologram
formation can be simply modelled with the scalar
diffraction theory and a particle model reduced to a two-
dimensional opaque disk (or a pinhole, according to
Babinet’s principle)[1].

However, in the recent years, several groups have
demonstrated that with DIH the refractive index of a
spherical particle can be measured, with a reasonable
accuracy, from the analysis of its hologram. For micron-
sized particles, this measure of the refractive index is
obtained using a parametric method fitting the particle
hologram intensity profile with those calculated with the
Lorenz-Mie Theory (LMT, e.g. [2, 3]). For larger particles,
the refractive index can be measured directly from the
analysing of the relative position of the photonicjet (PJ, also
called the focusing or forward caustic region [4-7])
produced by rays that are single refracted within the
particle [8]. These two approaches clearly infirm the
aforementioned vision of hologram formation. To go
further on, and most notably to extract more accurate or
additional data from particle holograms, it is fundamental
to better understand how the particle material properties
and the various scattering mechanisms influence the
formation of a hologram. This is important whether the
particle properties are retrieved from the hologram directly,
with a back propagation method (e.g. [4, 9, 10]), or with an
inverse approach (e.g. [11, 12]).

The goal of the present work is precisely to investigate
these relative contributions and more specially the non-
diffractive scattering mechanisms. The extended abstract is
organized as follows. After this brief introduction, section 2
introduces and discusses the basic equations to calculate
rigorously, in the frame of the GLMT, the properties of the
holograms formed by a spherical particle that is illuminated
by a plane wave or a shaped electromagnetic beam.
Afterwards, the principle of the Debye series
decomposition and the localization principle (LP) are
employed to evaluate the contributions of the different
scattering mechanisms. Section 3 briefly summarizes the
basic steps of the code developed to perform these
calculations as well the backpropagation of holograms. The
paper concludes with section 4, where exemplifying
numerical results are presented and discussed.

2 Excact calculation of hologram formation

2.1 Generalized Lorenz-Mie theory

A spherical particles, with radius a and refractive index
m,, is located in a continuous medium with refractive
index m, . The particle is centered in the Cartesian
coordinate system (Oxyz) and the spherical coordinate
system (Oer)) where, classically, 0is the scattering angle
[13]. The observation plane (Opxyzp), also referred as the
hologram-recording plan (or CCD chip), is parallel to (xy)
and distantof z  from the particle centre. The particle, with
relative refractive index m_ = m, / m, , is illuminated by an
incident harmonic beam, with wavelength A, and beam
waist @, , propagating along z. According to the GLMT[14,
15], the components of the electrical field vector E° (r) that
is scattered by the particle in the near or far-fields read as:

I

n=l m=-n +E_, (
oo AT (Kr r‘n‘ cos 0 o
Z z m( ) (‘m‘ ) o
mimen | +mBIrE (k,r)nl(cos0)
. En*z” +z“ - mAn'“é;(kor)nt"‘ (cos6) -
o | +BE, (k)T (cos0)
1)

_E
T

where (gn,g;,gg) stand for Ricatti-Bessel functions and
their derivatives, k,=2n/A, and E; for the wave vector
and the amplitude of the incident beam at a particular point,
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cP is a coefficient specific to the plane wave illumination
case with

P =k,i""(<1)"(2n+1)/[n(n+1)]

2)
The radial functions P‘"m‘ , and rt“‘,rct“‘ are the associated
Legendres polynomials and the generalized Legendres

functions respectively,

P (cos6) = (1)" (sin0)" &= L0%0)
(d cos 6) 3)
™ (Cose) = %P:‘ (cose); o (Cose) = &o@s@)
sin

where P_and d stand for the Legendres polynomials of
order n and the derivative operator respectively. The
coefficients AT =g a, and B =g b , where TM and
TE stand for Transversal Magnetic (i.e. parallel polarization
component) and Transversal Electric (i.e. perpendicular
polarization component), are the generalized external
scattering coefficients. They account for the particle shape
via the external particle scattering coefficients a_,b_ of the
LMT, for homogeneous [13] (or multilayered [14]) spheres.
The AT and BT also account for the beam shape through
the beam shape coefficients (BSC) g, gn; of the GLMT
[15]. The integer numbers n and m stand for the expansion
number of the LMT and the beam azimuth number of
GLMT respectively. The analysis of the convergence of the
infinite series (such as Eq. (1), or more simply a_,b_[13])
show that, after a slow oscillating behaviour, they converge
rapidly when the value of n exceed the particle size
parameter, ka . So that, the infinite series can be truncated
and the limit n — +o0 replaced by a maximum value n__
estimated numerically with a fitting procedure. In the case
of intermediate sized particles (i.e. 8 <ka <4200 ) [16], one
can use:

ax k0a + Smax (koa)l/3 + 2 (4)
with ¢ =4.05. More details about the magnetic field

and internal fields components as well as the different ways
to calculate the BSC can be found in Refs. [14, 15].

n

m

2.2 Debye series and localization principle

From the expansion series of the LMT and the GLMT,
little can be said about the particle scattering mechanisms.
Debye series allow clarifying the situation by decomposing
the series of the LMT in terms of partial waves that are
meaningful in the frame of the more intuitive Geometrical
Optics Approximation (GOA). For instance, the external
scattering coefficient of a homogeneous spherical particle
maybe rearranged as follows:

}:(1/ 2)[(1 - R®)-T (RO) Tilj)} 5)

an/P

b

n,p

where y =TE for a, and x=TM for b_, p stands for
the partial wave and scattering mechanism order (with
p=1 for single refraction, p=2 for double refraction, etc.).
The coefficients Rf;),R(“) T and Tr(.ux) ,  whose

ny’ Tny

expressions can be found in Ref. [17], correspond,
respectively, to reflections of partial waves on the outer and
the inner surface of the particle, and transmissions into and
out of the particle. The external (as well the internal)
scattering coefficients of the LMT can be retrieved from
Debye series by summing all possible partial waves:
-1 me -S|
Actually, in Egs. (5) and (6), the last term into the
brackets correspond to the different refracting processes
(p=12,3.., which

(©)

intensity decrease rapidly for

1-R®),

increasing p ), while the first two terms, ( g
account for three scattering processes that are encompassed

in the scattering order (p=0). The unit value is associated

to a pure diffractive term [18, 19] since it is totally
independent upon the particle material properties. In wave
optics, it is this single term that it is generally assumed
responsible for holograms formation. The second term,
R accounts for closely related scattering processes:

surface waves, and grazing plus tunnelling rays. It is not
possible to properly separate the later contributions in the
frame of Debye series. However, this can be partly
completed, approximatively, by invoking the localization
principle (LP) introduced by Huslt's [8].

According to the LP, the expansion term n is also a
partial wave number identifying rays (partial waves
indeed) that hits or graze the particle surface at different
distances ¢  from its centre

,=(n+1/2)/x, @)

For n+1/2=k,a, this distance corresponds exactly to
the particle radius a. The LP allows giving some meaning
to Eq. (4). The first time ka corresponds to a region (from
n=1 to n~ kg ) where refracted and specular processes
interact directly with the particle surface, while the second
term smax(koa)l3 corresponds to the width of a corona
region surrounding the particle where grazing and
tunnelling rays as well as surface wave effects take place
[19]. The constant 2 is a fitting value ensuring a good
convergence of the LMT series in a large variety of cases (i.e.
particle size and refractive index ranges)[16].

3 Numerical calculation of hologram formation and
backpropagation

The previous considerations have been implemented in
a Matlab code allowing calculating accurately all the
properties (amplitude, phase and intensity) of the incident,
the internal, the scattered and the total electromagnetic field
(incident plus scattered). The total electromagnetic intensity
in the hologram-recording plane is simply a particular case.
By using Debye series to calculate the external and internal
scattering coefficients, the code allows separating the
relative contributions (or calculate interference effects) of all
refractive terms (p =1, 2,3...) plus the pure diffractive term
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(contained in p=0). Then, the LP is used to truncate
Debye’s series in order to separate the grazing-plus-
tunnelling contributions from the surface waves
contributions. Particular attention has been paid to the
numerical stability of the calculations for particles with a
large size parameter. For the hologram back-propagation,
the Fresnel or Rayleigh-Sommerfeld approximations are
used as depicted in Ref. [4].

4 Results and discusion

The numerical results presented herein allows to
highlight various features of the “Photonic Jet Method” that
was introduced to estimate simultaneously the particle size,
refractive index, 3D position and dynamics [4, 5, 7]. Fig. 1
(a) shows, from top to bottom, the direct calculation of the
total electromagnetic intensity in the near-field and the (yz)
plan, some contour lines of the unwrapped phase of the
total electrical field, and the near-field intensity profile
along the optical axis of an oil droplet in water. The latter,
with radius a=50pm and relative refractive index
m=1.0832, is illuminated by a non-polarized plane wave
with wavelength A =0.4753um. While Fig. 1 (a) accounts
for all scattering processes (full LMT results), Fig. 1 (b-d)
accounts only for (b) pure diffraction, (c) all non-diffractive
terms included in the order (p:O), i.e. specular, grazing,
tunnelling and surface waves and (d) for the single
refraction (p:l) . One can notice in Fig. 1 (a) the good
agreement between LMT and Debye (p =0,1,-- ',100)
results for the external as well as for the internal field. In Fig.
1 (b), the contribution of the non-diffractive components in
the PJ region are clearly noticeable, when Fig. 1 (d) suggests
that the structure of the caustic generated by refracted rays
may be more complex that the one predicted by a GOA. The
latter remarks are important for any attempt to develop a
GOA or a Physical Optics Approximation (POA) of the PJ
reconstruction.

Looking at the far field, it is again that the non-diffractive
terms have a visible influence on the hologram
characteristics, see Fig. 2. The parameters used for these
simulations are identical to ones of the experimental setup
of refs [5] (i.e. 4 megapixels camera located at 10 cm from a
water droplet in air with diameter 1 mm, A= 0.633um).Fig.
3 shows the results obtained when two of these holograms
(pure diffraction and single refraction) are back propagated.
It is found that the differences are rather small between the
axial intensity profiles of the PJ retrieved with the single
term ( p= 1) and with full calculations.

However, the contrast of the reconstructed PJ, regarding
the surrounding background, appears rather noisy,
suggesting that the single refractive term is not enough to
fully describe the forward caustic region.
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Figure 1 Near-field intensity map, unwrapped phase and axial-
intensity profile when (a) all scattering process are included, (b)
only pure diffraction, (c) only edge-wave contributions excluding
pure diffraction and (c) only single refraction. Scatterer: oil
droplet in water (kui=661).
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Figure 2 Holograms (gray images) and their radial
intensity profiles when all scattering processes are taken into
account (Mie), only pure diffraction (p=0uif), only single
refraction (p=1), single refraction and reflections (p=Oaurt1).
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Figure 3 Backpropagation of holograms of Fig. 2 and
corresponding axial intensity profiles in the PJ region.
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Abstract

We examine various features of scattering of a plane
wave by a spherical or spheroidal bubble floating in air. We
interpret the pattern of glare points observed on the far-
zone image of the bubble, and the near-zone sagittal caustic
of light scattered following one internal reflection. We find
the symmetry inherent in these features for a spherical
bubble is broken as the bubble is deformed into a shape of
lower symmetry.

1 Introduction

We consider a linearly polarized monochromatic plane
wave of light of wavelength A incident on a nonabsorbing
spherical bubble floating in air. The bubble has inner radius
a and film thickness d<<a, with a~O(cm), and d~O(um). The
bubble film has real refractive index n, and both the region
exterior to the bubble film and the interior of the bubble
have unit refractive index. Rays are transmitted into the
bubble, and internally reflect p-1 times from the bubble film
before being transmitted out.

When an observer stands in the far-zone at a scattering
angle Ot in the backward hemisphere and looks at a
floating bubble illuminated by sunlight, he sees a sequence
of glare points to each side of center that appear to lie on the
image of the bubble. The observed glare points lie in the
plane containing the bubble’s center, the observer, and the
light source. They are progressively closer together and
become progressively dimmer as they approach the edge of
the image of the bubble. Photographs illustrating this effect
and taken by one of the authors (M.S.) are reproduced here
as Figs.1,2. The location, intensity, and color of the glare
points as viewed by the observer depend on the scattering
angle and far-zone intensity of the light scattered by the
bubble.

Since a spherical floating bubble is a surface of revolution
with respect to the propagation direction of the incident
plane wave, the two branches of the near-zone caustic of the
scattered rays for each value of p can straightforwardly be
determined. The tangential caustic is obtained by finding
the locus of the intersection points of adjacent converging
rays that are confined to a single plane. The tangential
caustic for each value of p lies entirely inside the bubble and
is not considered further here. = The sagittal caustic is
obtained by determining the locus the positions where
azimuthal families of rays making p-1 internal reflections

cross the z axis. The sagittal caustics on the positive z axis
outside the bubble surface decrease very quickly in
intensity as a function of z. As a result, in order to view the
sagittal caustic, a viewing screen must be placed behind the
bubble close to the floating bubble surface. This is also
illustrated in Fig.1.

2 Floating Bubble Ray Theory

The floating bubble geometry is a special case of a coated
sphere. In the short wavelength limit, 2ma/A~10° we use a
simplified version of coated sphere ray theory [1]. The
usual reflection law is assumed to hold for a ray internally
or externally reflected by the thin bubble film. We also
assume that rays are transmitted through the thin bubble
film without deflection. We model the intensity of the
reflected and transmitted parts of the incident broadband
spectrum at each interaction with the surface in three stages.
First, the intensity Fresnel coefficient for coherent
monochromatic light for a single flat interface between the
bubble film and the air outside or inside the bubble is
denoted by R for either the transverse electric or transverse
magnetic polarization.

We are interested in the simplifications that occur for
near-grazing rays, where the angle of incidence 6/ is near
90°. We define the small quantity 0<<1 for these rays by

0 =cos(67) . 1)
Then for rays with near-grazing incidence,

R=1-ac +O(c?), 2)
where « is a polarization-dependent constant of

proportionality. Second, one sums the infinite series of
successive coherent interactions of a ray with the outer and
inner surfaces of the film. The resulting coherent intensity
Fresnel coefficient for transmission through the film is Tim"
and the resulting coherent intensity Fresnel coefficient for
reflection by the film is Rgm". Third, the floating bubble is
illuminated by broadband visible sunlight. Thus, the
monochromatic intensity Fresnel coefficients must be
integrated over both the source spectrum and the sensitivity
of the eye of the observer for 0.4um~Amin<A<Amax=0.7pm. We
make the simplifying assumptions that (i), both the source
spectrum and the sensitivity of the eye of the observer are
flat between Amin and Amax, and (ii) the film thickness is
sufficiently large that the phase ¢ of the interference
between successive paths in the film varies by at least O(r)
in this wavelength interval. ~The spectrum-averaged
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intensity Fresnel coefficient for internal or external
reflection of an incident ray by the thin film is then
approximated by

(Ram)e = (1/m0) fo de Ry, ®)
and the spectrum-averaged intensity coefficient for
transmission into the bubble interior and transmission back
out following p-1 internal reflections is approximated by

(Thim Reitmb* Thiim)we = (1/7t) for de Thinm " (R Jp-1 Teonf . (4)

Assuming that the incident wave propagates in the +z
direction, we let @y(0”) be the deflection angle of the
incident ray whose angle of incidence is 0 at the outer
surface of the bubble film, and that makes p-1 internal
reflections before exiting. for p=0 external reflection we

have

Oo(00) = T+ 200, ©)
and for p>2 we have

Op(0F) = (p-1)(7 - 207) . ©6)

We obtain the far-zone intensity of the light scattered by
a spherical floating bubble using flux conservation. We
assume that successive interactions of a ray with the bubble
film at different locations on the floating bubble are
incoherent with respect to each other. This assumption is
valid because the path length of the ray between these
interactions is comparable to the bubble radius, typically
~O(cm) or ~O(mm) for near-grazing incident rays, while the
bubble film thickness and the longitudinal coherence length
of sunlight are ~O(um). The far-zone scattered intensity for
rays making p-1 internal reflections at the spherical bubble
film for p>2 is

It Osaatt)=line(a/ Ros)?[1/2(p-1)][sin( 0:°) cos(0:)/sin(Osaat)]

x [ Thim(69) Rimp1(0F) Thm(O0)]we, (7)
where [inc is the intensity of the incoming ray, and Res is the
distance from the center of the floating bubble to the far-
zone viewing screen, and the scattering angle Osat
associated with the deflection angle ©, lies within the
interval 0°<@:ar<180°. The polarization of the spectrum-
averaged intensity coefficients depends on the plane of
incidence of the ray. Similarly, the externally reflected
contribution to the scattered intensity is

T Osantt) = linc (a/2Rws)? [ Reitm(O:0)]7¢ . 8)
Since the directly transmitted light is forward-propagating,
it is combined with diffraction to obtain [15%#(@sat) in the
near-forward direction.

3 Reflection Glare Points of a Spherical Floating
Bubble

When the far-zone observer either focuses his eyes on the
bubble or photographs it, he records the magnitude-
squared of the Fourier transform of the far-zone scattered
intensity that is windowed in an interval centered on Osat,
whose width is determined by the eye’s or camera’s
aperture [2]. Let the coordinate y extend from edge to edge,
-L<x<L, on the equator of the image of the bubble recorded
by the observer. The location of the center of the M>0 glare
spot for p-1 internal reflections of the ray from the bubble
film with p>2 is then [2,3]

xpm = L cos{(Oscarrt2rtM)/[2(p-1)]} , ©)
where the range of allowed values of M are

0 < (Osaut + 2TM)/[2(p-1)] < 71 . (10)
The center of the external reflection glare point for
(p,M)=(0,0) occurs at

X00=-L cos(Osa/2) (11)
corresponding to the angle of incidence -0. The center of
the one-internal-reflection glare point for (p,M)=(2,0) occurs
at

x20= L cos(Osarf2) (12)
corresponding to the angle of incidence of +0¢. These two
glare points are symmetrically located on the equator of the
image of the spherical floating bubble, and with Osar in the
backward hemisphere, are the brightest glare spots
observed. Their intensity ratio is

Lot [ Togstore = (1-R)(1-R+R2)/(1+R4) . (13)
If the bubble film has 1=1.333, the glare point intensity ratio
decreases from 0.886 to zero as the observer moves from
Osarr=180° where 6:%=+0°, to Osai=0° where 6:9=+90°.

When the observer is in the backward hemisphere,
the sequence of closely-spaced glare points seen near the
edge of the bubble, and which are due to rays having near-
grazing incidence, become progressively dimmer as y—I|Ll|
because

I pmstare o g2 . (14)
From top to bottom in Fig.1, the visible glare points are
72p>2,M=0, then p=0,M=0, then 3<p<8,M=p-2. The scattering
angle of the observer is Gsat=133°.

4 Sagittal Caustic of a Spherical Floating Bubble

The parametric equation of the sagittal caustic as a
function of p and 0<16:°1<90° is

zs=(-1)r a sin(16°1) / sin[2(p-1) | 6°1] (15a)

ps=0. (15b)
Each value of p contributes its own sagittal caustic, and all
the sagittal caustics lie on top of each other on the z axis.
The p=2 sagittal caustic lies inside the bubble for 0°< 6:°<60°,
and outside the bubble on the +z axis for 60°< 6<90°. Its
location on the z axis as a function of o in the near-grazing
incidence regime is

zs = af20 + O(0?), (16)
and its relative intensity, [4]
Lra= Linc (1/128) cm5/z4 , (17)

falls off very rapidly as a function of z.

5 Reflection Glare Points of a Spheroidal Floating
Bubble

As a floating bubble is launched, it undergoes transient
shape oscillations that quickly damp out to a final spherical
shape. The dominant transient shape oscillation is a
quadrupole deformation between an oblate and prolate
spheroid, given by

x2a? +y2fa? +z2 [P =1 (18)
in the spheroid coordinate system. The spheroidal bubble
is arbitrarily orientated with respect to a far-zone observer
in the (Osat, Dsart) scattering direction whose viewing screen
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plane is normal to this direction, and has axes xvs and yus.
The path of the externally reflected ray and the one-internal-
reflection ray can be traced through the bubble [5]. It is
found that these two reflection glare points continue to be
located at equal distances in opposite directions with
respect to the center of the elliptical image of the spheroid
on the viewing screen. But the line joining the two glare
points is now rotated by the angle (2 with respect to the xvs
axis. For side-on incidence of the plane wave this angle
simplifies to

tan(Q) = [(a/b?) — 1] sin(Dsatt) cos(Dscatt). (19)
The related 4° rotation of the dominant glare points with
respect to the higher-order glare points is evident in Fig.2.
The semimajor and semi-minor axes of the elliptical image
of the spheroid are also rotated by the angle I" with respect
to the xvs and yws axes. For side-on incidence, this angle
simplifies to

tan(2I) = -cos(Osatt) SIN(2Psautt)

/ [cos(2Dscatr) — Sin?(Oscar) cos¥(Dsaar))] . (20)

6 Sagittal Caustic of a Spheroidal Floating Bubble

The transient spheroidal shape of the bubble also spoils
the point-focusing of the near-zone sagittal caustic observed
on a viewing screen behind the bubble in the Osw=0°
direction. The formula for the exact shape of the one-
internal-reflection sagittal caustic can be determined using
the wavefront propagation method [6] since the spheroid
still possesses circular symmetry about its axis. For side-on
incidence of the plane wave, we are interested in the shape
of the sagittal caustic in the vicinity of the positive z axis
outside the bubble for one-internal-reflection rays that
approach the spheroid with near-grazing incidence. In this
limit the shape of the resulting caustic can be expanded in
terms of powers of 0. To first order, this gives the four-
cusped astroid caustic,

(xosfB+ [(Oa)yes]P = aP[1 = (BPa?)]P 2n
seen in Fig.2. If a threefold-symmetric harmonic shape
distortion of the spheroid shape were present in addition to
the dominant twofold-symmetric quadrupole distortion,
one of the astroid cusps expands into a three-cusped
butterfly caustic [7]. If a fourfold-symmetric hormonic
shape distortion was additionally present instead, two
opposing cusps of the astroid expand into butterfly caustics.
One of the authors (M.S.) has observed and photographed
these higher-order near-zone sagittal caustics behind the
bubble.

7 References
[1] Princen HM., Mason S.G., Optical interference in curved soap films,
J. Coll. Sci. 20:453-63 (1965).

[2] Lock].A., Theory of the observations made of high-order rainbows
from a single water droplet, Appl. Opt. 26:5291-8 (1987)

[3] Van de Hulst H.C,, Wang R.T., Glare points, Appl. Opt. 30:4755-63
(1991)

[4] Burkhard D.G,, Shealy D.L., Formula for the density of tangent rays
over a caustic surface, Appl. Opt. 21:3299-306 (1982)

[5] Lock J.A., Ray scattering by an arbitrarily oriented spheroid. L
Diffraction and specular reflection, Appl. Opt. 35:500-14 (1996)

[6] Marston P.L., Geometrical and catastrophe methods in scattering,
Phys. Acous. 21:1-234 (1992), section 2.8

[7] Berry M.V, Waves and Thom’s theorem, Adv. Phys. 25:1-26 (1976)

Figure 1 Glare points on the surface of a spherical floating bubble,
and a cross section through the near-zone sagittal axial spike
caustic on a viewing screen behind the bubble.

Figure 2 Glare points on the surface of a spheroidal floating
bubble, and a cross section through the near-zone sagittal astroid
caustic on a viewing screen behind the bubble.
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Abstract
Interferometric Particle Imaging is described using a
Luneberg’s formalism. It can predict and explain the
results
respected.

recorded when Fresnel conditions are not

1 Introduction

ILIDS, and more generally Interferometric Particle
Imaging, is an efficient technique to measure the size of
droplets or irregular rough particles in a flow when the
density of particles remains limited [1-3]. Assimilating
particles to an ensemble of coherent emitters (two for a
droplet in a classical ILIDS configuration, much more for
rough particles), the image formation process can be
accurately described using a Fresnel integral [4,5].
Unfortunately, it can happen that Fresnel conditions are
not respected (for example with a large aperture combined
to a relatively low defocus parameter), inducing some
deformations of the interferometric images. This effect is
easily identified in the case of droplets: the interference
patterns are no more constituted of perfectly parallel
fringes on the borders of the images. But it is more difficult
to detect the problem in the case of rough particles whose
interferometric images are speckle patterns. Without care,
the analysis of the pattern could then lead to an erroneous
reconstruction of the particle (in size and shape).

In order to understand the modifications that occur, a
theoretical description of interferometric Particle Imaging
that goes beyond Fresnel conditions is necessary. We
propose a description based on the more general Luneberg
integral [6]. It is first validated in the case of droplets in an
ILIDS configuration, and then applied to rough particles.

2 Results
2.1 Spherical droplets observed with the ALIDS probe

Let us first consider the case of water droplets. The ALIDS
probe is a prototype that has been realized within Seventh

framework program of the European Community to
perform airborne measurements of the size of droplets
(EUFAR project: European Facility for Airborne Research).
It is been presented in reference [7]. The optical set-up of
this probe consists of a frequency-doubled Quantel Ultra
100 laser emitting at 532 nm, a £/0.95 Goyo objective (focus
length 25mm) associated to optical windows and
deflecting mirrors that ensure a better compactness to the
device, and a 8-bit DALSA Genie HM1024 CCD camera.
Figure 1(a) shows the interferometric image of a droplet
the highest aperture’s configuration.

recorded in

(b)

%103

y (m)

05 1

<107 <10

X (m) x (m)

Figure 1 interferometric image of a droplet recorded with the
ALIDS probe under highest aperture (a) and corresponding
simulation using Luneberg’s formalism and the set of parameters
of the probe’s (b)

The interference fringes are not perfectly vertical and
parallel. We observe some curvature of the fringes,
especially on the borders of the image. It is not possible to
describe the geometry of the fringes using a classical
simulator based on a Huygens-Fresnel integral [4]. But
figure 1(b) shows the interferometric image of a 180 em
large droplet using the Luneberg’s formalism that has been
developed, according to the exact set of parameters of the
ALIDS geometry. It appears that it is possible to predict the
modifications observed experimentally, which would not
be possible with a model based on Fresnel conditions

which gives vertical fringes all over the image.

2.2 Irregular rough particles
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The interferometric image of irregular rough particles is
more complex: it is indeed a speckle pattern [5,8-10].
Assuming that the scattering particle can be assimilated to
an ensemble of coherent point emitters located on the
envelope of the particle, it is possible to simulate the
interferometric of the particle performing
generalized Huygens-Fresnel integrals [5]. In these Fresnel
conditions, results show further that the 2D-Fourier
transform of the interferometric image gives the 2D-
autocorrelation of the envelope of the particle, which could
be confirmed in various experiments. Both functions are
linked by the scaling factor @Btwt, where o is the wavelength
of the illuminating laser and Brotis the B-parameter of the

image

optical transfer matrix of the imaging set-up (from the
particle to the CCD sensor) [8]. In next simulations,
0=532nm and Bw=2mm. One what
modifications will be observed if Fresnel conditions are not
respected, as in previous section with droplets.

To illustrate this, figure 2(a) shows the repartition of 200
coherent point emitters randomly located on a dendrite-
like particle. Axes are in meters: the size of the length

(@)

can wonder

107

110-5

110-5

X X

Figure 2 : dendrite-like particle composed of 200 coherent point
emitters (a), its interferometric image using Fresnel model (b),
and its interferometric image using Luneberg model (c). Axes

are in meters.

of the particle is thus around 40 em. Figure 2(b) shows its
interferometric image predicted using a Fresnel formalism
[5], while figure 2(c) shows its image using a Luneberg-
based description. All other parameters are identical in
both simulations. As for droplets, significant differences
are observed on the borders of the two images.

In a second step, figure 3(a) shows the binarized 2D-
Fourier transform of the blue box section of the pattern of
Fig 2(b) (Fresnel kernel), while figure 3(b) shows the
binarized 2D-Fourier transform of the blue box section of

the pattern of Fig 2(c) (Luneberg kernel). Both results are
very similar. There is no difference between Fresnel and
Luneberg models in the centers of the interferograms.
However, for comparison, figure 4(a) shows the binarized
Fourier transform of the red box section of the pattern of
Fig 2(b) (Fresnel kernel), while figure 4(b) shows the
binarized Fourier transform of the red box section of the
pattern of Fig 2(c) (Luneberg kernel). Both are now very
different. If the 2D-Fourier transform of this off-axis section
of the interferometric pattern (red box) can still be
assimilated to the 2D-autocorrelation of the particle using
Fresnel model, Luneberg-based calculations show that this
property is not respected if Fresnel conditions are not
respected. Using this Fresnel-deduced result, we would
deduce erroneously a smaller size and a different shape of
the particle, and not the real ones.

AB <107 AB x10°8

u
tot tot ¥

Figure 3 : binarized 2D-Fourier transform of the blue box
section of pattern of Fig 2(b) (Fresnel kernel) (a), and binarized
2D-Fourier transform of the blue box section of pattern of Fig
2(c) (Luneberg kernel) (b). Axes are in meters.

x10°°

x10°°

AB AB

tot u tot 4

Figure 4 : binarized 2D-Fourier transform of the red box section
of pattern of Fig 2(b) (Fresnel kernel) (a), and binarized 2D-
Fourier transform of the red box section of pattern of Fig 2(c)

(Luneberg kernel) (b). Axes are in meters.

In this work, a description of interferometric particle
imaging (IPI) based on Luneberg conditions will thus be
done and compared to experimental results. The
modifications induced on rough particle imaging will be
discussed for different shapes of particles. It will be
possible to discuss the 3D-tomography of particles [11],
combining different angles of view, when Fresnel
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conditions are not respected. Finally, as this new formalism
gives a vectorial description of the field, this potentiality of
the formalism to better understand IPI experiments will be
discussed.
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Abstract

Fat globules in milk are known to be secreted as droplets
of variable sizes and in different amounts. Hence for
industrial, commercial and consumption purposes, there is
always the need to accurately and speedily determine fat
globule size distribution and classify content
appropriate amounts in each milk batch produced.
We propose a direct approach to classifying speckle images
produced by laser light scattering of cow milk with different
fat contents using convolutional neural network
(CNN). Because the random intensity distribution (speckle)
that is observed when coherent light is scattered by a rough
surface or transmitted through a scattering medium carries
information which can be termed as a fingerprint of the
scatterers in question.
We have trained our CNN on four classes of cow milk fat
content categories (0.5% 1.5%, 2.0% and 3.2%) with
approximately 51,000 images in each class. Our neural
network was able to recognize the milk fat content
categories from independent as well as mixed dairy plants

into

1 Introduction

Milk, an important and nutrient-rich liquid food is also
a naturally occurring suspension with diverse constituents.
Fat globules in milk are known to be secreted as droplets of
variable sizes [1] and in different amounts. Hence for
industrial, commercial and consumption purposes, there is
always the need to accurately and speedily determine fat
globule size distribution and classify content into
appropriate amounts in each milk batch produced.

In literature, there have been several advancements in
tackling these problems [1, 2]. Among these are optical
techniques exploiting light scattering phenomena, of which
dynamic light scattering is prominent but rarely applied in
the industrial setting. Because there is still an inverse
problem of particle size determination, concentration and
possible contamination during sample preparation.

Recent report of the possibility to directly recognize
suspensions with different nanoparticle materials, sizes and

concentrations in thin cuvette using speckle technique and
machine learning (ML) [3], is promising. Because the
technique eliminates the above-mentioned problems. Also
speckles are known to carry information which can be
termed as a fingerprint of the scatterers [4] in question. In
the case of suspension, whose particles are in constant
random motion, the movement of speckles is expected to be
random but specific. Hence, each recorded speckle image
will represent an instance of the fingerprint of these
particles, their sizes and/or concentrations. However, the
analysis of dynamic speckle with ML still remains a
problem mainly due to very high computer resource
requirements. With recent GPU capabilities, it is possible to
apply ML because it is known to learn rich feature
representations of a wide range of images [5].

2 Experiment

A flat thin cuvette was prepared by sticking a 0.05 mm
thick adhesive tape on a microscope slide and cutting out a
10 mm circular cross-section from the centre of the tape.
The milk sample (10 pL) was loaded into the cuvette and
gently covered with a 0.19 mm thick coverslip. As
represented in Figure. 1, the sample stage was levelled so
that the motion of fat globules will be purely Brownian. The
sample was illuminated perpendicularly with a green
frequency-doubled Nd:YAG laser at 532 nm, 5 mW and 1.7
mm collimated beam. The illumination was such that the
speckle exited through the thin coverslip to minimise lateral
shift of speckles. A 14-bit colour camera (Pike F-032C, AVT)
was used to record the speckle at 26.9° angle, taking into
account the velocity of the speckle movement and camera’s
available frame rate. Also an IR filter was mounted on the
camera to account for the leak of the fundamental and
pump frequencies from the laser source in infrared.

The milk was purchased from supermarkets where
fresh milk was refrigerated but ultra-high-temperature
(UHT) milk was left on the open shelf. The samples were
mainly from 3 dairy plants (see Table. 1) and according to
the fat content categories produced by such plants.
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SIDE-BOTTOM VIEW

Frequency doubled
Nd:YAG laser
5 mW @ 532 nm
1.7 mm collimated
0.05 mm-thick beam

adhesive tape with
10 mm cut-out \

~
\\
~

Microscope slide

<

0.19 mm-thick cover /

. 10 WL of milk
slip at the bottom /

sample

f E Beam stop

Figure 1 Experimental setup for recording dynamic speckle
movies, adapted from [3]

Mlekovita with 1.5% fat content was added to bring
diversity since we intended to create a separate training
sample with mixed dairies. For each fat content category
(0.5%, 1.5%, 2.0% and 3.2%), there were 5 replicas of 1 L of
milk with different batch/lot numbers. For each lot, 10
movies were recorded at 10 different locations on the
sample in the cuvette. Initially, 6.5 s (75 fps) movies were
recorded at a single illumination point. Later, 13 s (75 fps)
movies were recorded to increase the number of images
since the 10-locations on the same sample was exhaustive.

The recorded movies were extracted into frames with
the 640 x 480 pixel frames serving as speckle images. During
extraction the background (taken to be static speckles
resulting from possible glass imperfections or immobile
sample particles and averaged over 200 consecutive
images) is subtracted from each image. Furthermore, each
image was normalised by its highest intensity to within the
0-1 grayscale level. This operation, as reported by [3], is very
beneficial since it suppresses intensity variations between
raw images and ensures numerical stability of the learning
algorithm.

The network used for training is the same as described
in [3] and GitHub [6] nicknamed “t7¢24” since it has
produced remarkable classification of speckle images
generated by colloidal suspensions. Besides that, this
research represents an aspect of a continuous study of

Dynamic speckle
pattern forming on
the CCD

suspensions using light scattering and machine learning.
The network was trained on all images (640 x 480 pixels)
extracted from the movies with a randomised selection of
8:1:1 proportion for training, validation and test sets
respectively. All images recorded from the 5 lots of the same
fat content category belonged to the same class. The
network was first trained to recognise the milk fat content
category from the same Dairy plant and then mixed dairies.

Loss

hERoa3 iy ks Epoch 4 "
8000 10000 12000
lteration

(a)

6000 14000

Iteration

(b)

x10%

Figure 2 The loss function optimisation progress over each
epoch for training and validation subsets of (a) Carrefour and
(b) mixed dairies

Market label Fat content % Milk type
0.5 UHT
Carrefour 2.0 UHT
3.2 UHT
0.5 UHT
Laciate 2.0 UHT
3.2 UHT
0.5 UHT
Mleczna Dolina 15 UHT
2.0 Fresh
3.2 UHT
Milekovita 1.5 UHT

Table 1 Distribution of cow milk types and fat content
categories according to market labels

2  Results and Discussion

In Figure. 2 (a) and (b) we present the loss function
evolution during training of the network on Carrefour and
mixed dairies. The loss functions for Mleczna Dolina and
Laciate (not shown) were similar to Carrefour and mixed
dairies respectively. The cross entropy loss optimisation
during training of network for all data sets progressed
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0.5%_Fat

2.0%_Fat

True Class

3.2%_Fat

0.5%_Fat 2.0%_Fat 3.2%_Fat

Predicted Class
Figure 3 Classification confusion matrix of speckle images
(test set) generated by cow milk with 3 different fat content
categories produced by Carrefour

steadily until the end, where there is a sudden fall of
validation accuracies for both faciate (not shown) and
mixed dairies (Figure. 2 (b)). This sudden jump (sometimes
termed as the "variance shift") is a known occurrence in
CNNs with batch normalisation layer as explained in [7].

0.5% Fat

2.0%_Fat

True Class

3.2% Fat

3.2 Fat

0.5% Fat 2.0% Fat

Predicted Class

Figure 4 Classification confusion matrix of speckle images
(test set) generated by cow milk with 3 different fat content
categories produced by Laciate

We obtained accuracies of 99.18%, 95.11%, 87.61% and
84.04% respectively for Carrefour, Mleczna Dolina, Laciate
and mixed dairies.

The classification confusion matrices for test sets of
Carrefour and tLaciate are presented in Figure. 3 and 4
respectively, while the classification confusion matrices for
test sets of Mleczna Dolina and mixed dairies are presented
in Figure. 5 (a) and (b) respectively. For the mixed dairies,
we mixed approximately equal proportions of images in the
same fat content category from the 3 dairy plants.

These results beat our expectation because we
anticipated differences in speckle due to differences in
concentration of fat content as well as similarities in speckle
due to milk, (which in our case represents the dispersion

medium). Because, unlike pure liquids, milk (without fat
globules) has its unique particle distribution which also
scatters light. Hence, the few misclassifications could be
attributed to these similarities due to the influence of other
components of milk. While the large misclassifications
observed were attributed to the abrupt fall in accuracies at

0.5%_Fat

1.5%_Fat
123
12}
]
(@]
()
2
=
2.0%_Fat
3.2%_Fat
0.5%_Fat 1.5%_Fat 2.0%_Fat 3.2%_Fat
Predicted Class
(a)
0.5%_Fat
1.5%_Fat
123
1%}
Ko
o
()
2
=
2.0%_Fat
3.2%_Fat

0.5%_Fat 1.5%_Fat 2.0%_Fat

Predicted Class
(b)

Figure 5 Classification confusion matrix of speckle images
(test set) generated by cow milk with 4 different fat content
categories produced by (a) Mleczna Dolina and (b) mixed
dairies. The 1.5% fat content in (b) was created by mixing
images from Mleczna Dolina and Mlekovita

3.2%_Fat

the end of training.
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Abstract

Finding fast and accurate ways for detection of
in water of
measurements, easy processing and sampling is a
challenging task. In this respect, this work aims to bring
new knowledge about the detection of very small particles
of plastics in a host fluid droplet, using laser radiation as
light source for Raman scattering measurements. The
combination of the enhanced sensitivity of Raman
spectroscopy obtained using very small samples
(microdroplets) with the latest developments in the topics
of optofluidics may constitute an advance in the field of real
time monitoring of environmental pollutants.

microplastics with a limited number

1 Introduction

One major side effect of the abundance of plastic
products in modern society is microplastic (MP) pollution,
where small size polymer particles of diverse origins and
types enter the environment. These particles are only
partially removed by the wastewater treatment plants [1].

Plastics are organic polymers, synthesized from the
polymerization of monomers extracted from oil or gas,
whose global production rose continuously. Approximately
10% end up in marine environment and only a very small
fraction is recycled annually [2]. Although initially
considered a revolutionary material, it has slowly become a
global threat to the environment, with ubiquitous
distribution in marine and freshwater ecosystems. The
natural environmental conditions of these ecosystems,
especially the dynamics of water currents, solar radiation,
abrasion and interactions with vessels and organisms, cause
plastic products to degrade slowly and to fragment into
smaller particles than usual, known as microplastics [3,4].

Regardless of the current disagreements over the
definition of MP particles, fragments less than 5 mm in
diameter with no lower restriction are considered [5]. The
diversity in properties and wide particle size range means
that as a group of analytes, they are challenging to
efficiently detect and identify in complex environmental
matrices, especially when very small (micro-/nanometric)
range dimensions are involved [6].

On the other hand, concerns are raising regarding the
potential for MP to represent new spreading substrates for
microorganisms, especially harmful and pathogenic ones
[7]. Also, various organic pollutants, such as polycyclic

aromatic hydrocarbons [8], polychlorinated biphenyls [9],
and antibiotics [10], can be adsorbed onto MP. This is a
research area where many uncertainties exist, with respect
to both detection, analysis and identification.

In this connection, we performed Raman spectroscopy
measurements on water droplets containing polymethyl
methacrylate (PMMA) microparticles. The sampling,
control, and acquisition parameters of the experimental set-
up have been optimized to better record the Raman
scattering spectra. Additional analysis of PMMA
microplastic dispersion in water samples were carried out
by molecular modelling, as well as UV-Vis absorption and
FTIR spectroscopy.

PMMA is also known as acrylic, acrylic glass, or
Plexiglas. It is a versatile transparent thermoplastic often
used as an alternative to glass, being lighter and resistant to
breakage. The recent developments in the applications of
PMMA in different areas such as biomedical, optical, solar,
sensors, battery electrolytes, nanotechnology can be a
potential source of polymer microparticles occurrence in the
environment.

2 Experimental Setup

The block scheme of the laboratory-built experimental
setup for Raman spectroscopy is shown in Figure 1.
Individual droplets with volumes ranging from 1 to 4 pL
were optically pumped using a pulsed laser radiation
source. We used the 2°¢ harmonic generation of the
Nd:YAG laser (Surelite II, Continuum, Excel Technology,
USA) emitted at 532 nm, with frequency of 10 Hz, 9 ns pulse
duration (FTWHM), and pulse energies ranging from 2.5 to
24 m]. For bulk sampling experiments laser beam energies
up to 100 mJ were used. The laser beam of 6 mm waist was
focused by a lens of 150 mm focal length. The droplet was
placed at 122 mm from the lens, so that the collimated beam
is equal to or less than the drop diameter.

The droplets were generated by a computer controlled
programmable pump (Dual Syringe Dispenser, Mircolab
ML560C, Hamilton, USA). The samples were loaded on a
capillary circuit from a stock-volume. Droplets were
automatically generated, controllable drop by drop, with a
resolution of 0.05% of the employed syringe capacity
(50uL).
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Droplet's
generator

/ RAMAN detection and analysis

Figure 1 The Raman spectroscopy set-up

The capillary tips used had external diameters of 0.51
mm (for volume generation ranging from 1 to 3 pL) and 0.91
mm (for volume greater than 2 pL). The generated droplets
had diameters ranging from 1.24 mm to 2 mm, depending
on the ratio between the diameter of the drop and the
diameter of the capillary tip.

The droplet's Raman scattering radiation was collected
at 90° with respect to the pumping laser beam using an
optical fiber positioned in the droplet’s plane.

For pulse-to-pulse and 5-pulse-series data acquisition, a
pulse delay generator (SRS DG535) was used. It generates
TTL signals for synchronizing the laser pulse with the data
acquisition system (Acton Research/Princeton Instruments)
through a mechanical shutter. A spectrograph (SpectraPro
SP2750, in Czerny-Turner configuration, with focal length
of 750 mm, and 0.8 nm resolution) is coupled with an iCCD-
PIMAX Camera detector (Intensifier 25 mm, resolution of
64 Ip/mm, 2ns minimum gate opening). The spectrum was
acquired using a grating of 2400 grooves with an optical
resolution of 0.016 nm for a 10 pm input slot of the
spectrograph. The shutter (Digital Shutter Controller 845
HP, Newport) provides a controllable optical pump time
window ranging from ms tos.

PMMA was purchased from Sigma Aldrich and
MicroParticles (Germany) as microparticle suspensions in
water with various standard sizes ranging from 100 nm to
100 pm.

3 Results and Disscussions

We performed Raman spectroscopy measurements on
water droplets containing PMMA  microparticles.
Supplementary analysis of PMMA microplastic dispersion
in water were carried out by molecular modelling, as well
as UV-Vis absorption and FTIR spectroscopy.

3.1 Vibrational Spectroscopy

The Raman spectra of different concentration of MP-
contaminated water droplets were recorded, and the
parameters of the experimental configuration were
optimized to ensure the best Raman signal. The compared
Raman spectra of PMMA microplastic (100pm) dispersed in

water in bulk of 1 cm® volume, and in droplets of 2 uL
volume are plotted in Figure 2.

Among the registered Raman bands, the most prominent
one was observed at 2960 cm, which corresponds to the
stretching vibration of the C-H bonds.

6.0

PMMA 2
— Vp=2uL

—— bulk

4.5
2967

5.8
v,(C-H) of O-CH, with

V,(C-H) of a-CH; and v,(CH,) | 4o

5.6 4

3.5

Intensity(x10%)
Intensity(x10°)

5.4

3.0
5.2

T T T T T T
2900 2920 2940 2960 2980 3000 3020

Raman shift(cm™)
Figure 2 The Raman spectra of PMMA in bulk vs. droplet

According to the literature [11], the band centered at 2960
cm? is due to an overlap of the vCH modes in the CH:
groups of the skeleton, the a-CHs groups and the CHs ester
groups.

An intensity decrease of the scattering is seen in droplets
Raman spectra when compared to PMMA bulk samples
probable because the used laser beam energy was limited to
a few mJ for droplets sampling.

The FTIR spectra (not shown) were recorded using the
Nicolet™ iS™50 spectrometer, in the range 4000-500 cm™! at
a resolution of 4 cm? and a mediation on 32 spectra was
made. The samples (20 uL) of MP dispersed in water were
dried on a KRS-5 support.

The results are consistent with both the data published
in the literature and the calculated spectra, presented below
as additional investigations.

3.2  Molecular Modelling

PMMA (CsO2Hs)n, molecular structures were drawn, 3D
protonated, and energy-optimized (using MMFF94X force
field at 0.05 gradient with Gasteiger (PEOE) partial charges)
using MOE software. After the optimisation protocol we
have predicted the 2D and the i3D molecular descriptors.
Compounds with a hydrophobic surface area are more
likely to be colonized by bacteria [7]. The high predicted
number of hydrophobic atoms (21) and the total
hydrophobic surface area (730.97) may indicate that PMMA
is a hydrophobic compound.

Molecular modelling was performed for PMMA using
Gaussian 09 [12] and GaussView 5.0 [13]. Density
Functional Theory (DFT) with B3LYP and the 6-311G
augmented base set were used for both structural
optimization and calculation of the molecules’ chemical
bonds frequencies. The influence of the dispersive

environment (water) on the process of structural
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optimization and calculation of FTIR and Raman spectra
was implemented in the calculation scheme by selecting the
IEFPCM module.
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3.3 UV-Vis Absorption Spectroscopy

The absorption spectra of different percent MP
dispersion in water were registered by a UV-Vis-NIR
Lambda 950 (Perkin-Elmer, USA) spectrophotometer
between 175 - 3300 nm. The spectral resolution of device is
= 0.05 nm in UV-Vis spectral range, and = 0.20 nm in NIR.
The intrinsic error of the apparatus is 0.004%.

The absorption spectra of MP in water solutions are
represented in Figure 3(a) for samples having percentage
concentration from 0.16% to 1.25% and in Figure 3(b) for
those with percentage concentration between 2.5% - 10%.

a) b)
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Figure 3 The UV-Vis absorption spectra of PMMA in water, at
concentrations between: a) 0.16% - 1.25% and b) 2.5% - 10%.

The appearance of the absorption bands in Figure 3(b)
and the fact that their absorbance does not increase
progressively with increasing concentration of samples
may be due to the fact that MP particles do not have the
same roughness, so some samples have a higher scattering
coefficient, thus influencing the light intensity passing
through the sample.
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Abstract

In an ultrafast image-based dynamic light scattering
(UIDLS) experiment, nanoparticles in Brownian motion in
a solvent are illuminated by a focused Gaussian beam and
scatter the light toward an ultrafast camera. The cross-
correlation coefficients between pairs of pictures recorded
by the camera permit to determine a size distribution of
“equivalent spherical particles”. In this abstract, an iterative
UIDLS permit to retrieve characteristic information of a
bimodal Gaussian particle size distribution (PSD) in the
sample from the distribution of the equivalent spherical
particles which has been measured by UIDLS. Satisfying
agreements were achieved which indicates the validity of
the method.

1 Introduction

In the conventional dynamic light scattering (DLS),
nanoparticles are illuminated by a focused Gaussian beam
and the scattered light is collected by a photo-detector such
as a photomultiplier tube (PMT) [1]. The intensity
autocorrelation function (ACF) of the light at the PMT is a
multi-exponential function which is then used to extract the
PSD by using, for instance a constrained regularization
method [2]. The UIDLS is a technique extended from the
conventional DLS to measure a PSD using an ultrafast
camera [3]. The cross-correlation coefficients between the
pairs of pictures recorded at times t and t+1 determine a
PSD of “equivalent spherical particles”, which are the
monodisperse particles which scatter the same light
fluctuations between times t and t+t than the
polydisperse particles in the measurement volume at time
t. Recently, the UIDLS was extended to a polarized-
depolarised UIDLS technique to measure characteristic
information about size and shape of non-spherical particles
[4, 5].

In this abstract, two statistical models are proposed to
investigate the UIDLS for bimodal Gaussian distributions of
spherical particles. The first model used to describe the
direct problem is a statistical UIDLS simulation for a
bimodal Gaussian distribution. The second model is a
statistical prediction of the UIDLS for a bimodal sample
where the variance of the Gaussian modes is V1=V2=0, and
where the Levenberg-Marquardt (LM) algorithm is applied
to extract characteristic information of a bimodal Gaussian

sample by fitting the PSD of equivalent spherical particles
measured by UIDLS.

2 Theoritical treatement

nanoparticles

Incident light-

lens ®

camera

Figure 1 UIDLS experimental set-up

In an UIDLS experiment, nanoparticles are illuminated
by a focused Gaussian beam. The experimental set-up of the
UIDLS is shown in Figure. 1. The scattered light is recorded
by a camera located at scattering angle 0. A lens between
the sample and the camera permits to control the
measurement volume. The cross-correlation coefficients
between pairs of pictures are then measured to obtain
information about the particles in the sample. To develop a
way to measure Gaussian bimodal samples of spherical
nanoparticles, two models are chosen to simulate the
UIDLS experiment. The first model is the UIDLS simulation
for a bimodal Gaussian sample of spherical particles. The
second model is the UIDLS simulation for a bimodal sample
of nanoparticles where the variance of both Gaussian
modes is Vi=V2=0.

In the first model, named BG, the sizes of N particles
are randomly generated according to the bimodal Gaussian
PSD in the sample. In an UIDLS experiment, particles enter
and exit the measurement volume. The cross-correlation
coefficients between pair of pictures recorded by the camera
attimes tand t+ 1 are characteristics of the particles in the
measurement volume at time t, assumed to be the same
particles at time t+t . Figure. 2 shows an example of a
bimodal Gaussian distribution by generating 1000 particles.
The characteristic parameters of the bimodal Gaussian
distribution are: (i) the average radii of the first Gaussian
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mode and that of the second Gaussian mode in the PSD, aic
and ax, respectively (ii) the mixing proportion between
both Gaussian modes described by fig, the percentage
frequency of particles in the first mode (iii) the variance of
the first Gaussian mode, and that of the second Gaussian
mode, Vi and V>, respectively.

90

80 1

9‘0‘ : 95
Radius (nm)
Figure 2 Example of a bimodal Gaussian distribution where

1000 particles are generated, aic=90 nm, a2c=100nm, fic=0.60,
Vi=V2 =35 nm?

We describe a distribution of cross-correlation coefficients
from the PSDs in the measurement volume which have
been randomly simulated. For a total of Nc cross-correlation
coefficients N*N¢ random radii are determined. The cross-
correlation coefficient G(t) between a pair of pictures
recorded at times t and t + 7 is [3]:

6()=9?(0)-1=4s"@].

where g@(1) is the normalized ACF of the intensity scattered
by the particles in the measurement volume, g((t) is the
normalized ACF of the electric field, t is the time interval,
B is an instrumental constant [3]. From the N*Ng random
radii, Nc values of cross-correlation coefficients are
determined. From a PSD in the measurement volume
randomly determined, the normalized ACF of the electric
field [2] is:

0% ()= Y h(a)exp(~4'Dy(a)r) @

where q is the scattering vector which depends on the
scattering angle 6 and the wavelength A of the incident
light in the surrounding medium [1]. D,(a;) is the
translational diffusion coefficient [1] of the i-th particle. The
coefficient h(a;) is the fraction of the light intensity
scattered by the i-th particle in the measurement volume.

In summary, from a randomly determined PSD in the
measurement volume, a normalized electric field ACF can
be obtained, from which the cross-correlation coefficient is
determined. The distribution of cross-correlation
coefficients is then used to determine a PSD of equivalent
spherical particles.

In the present abstract, a way is proposed to get
characteristic information about the bimodal Gaussian PSD

in the sample by using UIDLS simulations for bimodal
samples where the variances are V1= V2=0, associated with
the LM algorithm.

The second model of UIDLS simulation, named “BV0”
model, is based on the statistical prediction of the cross-
correlation coefficients corresponding to a bimodal sample
where the variance of the Gaussian modes are Vi= V2 =0
(the parameters which describe the PSD are the radii a1 and
az, and fi the percentage frequency of particles of radius a1
in the sample). In this model, the particle size is the radius
a1 or the radius a: The number of cross-correlation
coefficients Nk corresponding to a PSD in the measurement
volume with k particles of radius a1 and N-k particles of
radius a2 among N particles is described as:

N! N-k

N, =N.———— fN(1-f 4

KN =K) A=) @
where all the coefficients Nk from k=0 to k=N are described
from the probability P(k)=Ni/Nc. As in the BG model, the
values of the cross-correlation coefficients are described
from the PSDs in the measurement volume, and the PSD of
equivalent spherical particles is determined from the
distribution of the cross-correlation coefficients.

3 Numerical results and disscussion

The direct problem is simulated using the BG model, for
a given bimodal Gaussian distribution. The corresponding
cross-correlation coefficients are computed and then the
PSD of equivalent spherical particles is obtained. Figure. 3.
shows an example of PSD of equivalent spherical particles
simulated using the BG model.

120
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60
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40

20

91 92 93 94 95 96 97 98 99 100 101
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Figure 3 Example of a PSD of equivalent spherical particles
measured for a bimodal Gaussian distribution in the sample
(simulation using the BG model)

The particles are immerged in water at temperature 298
K. The number of particles in the measurement volume is
N=1000. The number of cross-correlation coefficients is
Nc=1000. The time interval is the same for all the cross-
correlation coefficients: t=10"7s . The wavelength of the
incident beam is 532 nm. The scattering angle 6is /4 rad.
The instrumental constant (3 equals 1. The parameters of the
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bimodal Gaussian PSD are: same variance Vi = V2=5 nm?for
both Gaussian modes, and average radii aic=90 nm and
a2c=100 nm. A white noise G =10° xR, where R ¢[-11]
is a uniform random number, has been added to the cross-
correlation coefficients. From the PSD of equivalent
spherical particles, the LM algorithm associated with the
BV0 model is used to get characteristic information of the
bimodal Gaussian PSD. It determines two radii a1 and a2,
and the percentage frequency fi. Table. 1. shows a
comparison of the bimodal Gaussian PSD set in the
simulation and the bimodal PSD of variances Vi = V2 =0
obtained by fitting the PSD of equivalent spherical particles
using the LM algorithm associated with the BV0 model.

Bimodal Fit of the PSD of
Gaussian PSD equivalent
in the sample spherical particles
(using BVO model
and LM algorithm)
a16=90.0 nm ai=91.2 nm
Example 1 a26=100.0 nm a=101.3 nm
f16=60% £1=65.5 %
a16=80.0 nm a1=88.8 nm
Example 2 a26=100.0 nm a2=98.4 nm
f16=60% £1=55.5%

Table 1 A comparison of the bimodal Gaussian PSD set in the
simulation (BG model) and the result of the fit of the PSD of the
equivalent spherical particles based on simulations for bimodal
samples of variances V1= V2 = 0 (BV0 model associated with LM
algorithm)

In Table. 1, we can see that for the first example, both radii
aic and ax agree with the radii of the bimodal sample of
variance Vi = V2 = 0 that fit the PSD of equivalent spherical
particles, but for the second example, aic =80.0 nm has been
overestimated, which is due to the Rayleigh scattering of the
particles: the intensity scattered by a particle is proportional
with the 6t power of its size. Our numerical results show
that the LM algorithm associated with the BVO model has
the potential to measure characteristic information about
the bimodal Gaussian PSD, and our next step is to validate
it in the UIDLS experiment with bimodal Gaussian PSDs in
the sample. However, the BV0 model cannot permit to
measure the variances V1 and V2 of the Gaussian modes in
the sample. Thus, one of our purposes is to extend our
model of iterative UIDLS in order to measure information
about the variances. The LM algorithm associated with
UIDLS simulations could also permit to measure the
distributions of characteristic parameters of the size and the
shape of non-spherical particles.

4 Conclusion and perspectives

Two different models of simulation of the UIDLS
experiment and an iterative UIDLS to measure
characteristic information of a bimodal Gaussian PSD of

spherical nanoparticles have been proposed. The following
work are in the tray: (i) To develop a new model of UIDLS
simulation where the Brownian motion and the light
scattered by the particles are computed to describe the
cross-correlation coefficients, which will permit us to
investigate the influence of the characteristics of the camera
and the measurement volume on the measurement of the
PSD in the sample (ii) the experimental validation of our
numerical simulations by the measurement of bimodal
Gaussian samples of spherical nanoparticles (iii) to
investigate the measurement of the variances of the
Gaussian modes in the bimodal sample, which is not
possible to determine with the BVO model described in the
present abstract, and extend the measurement of bimodal
distributions to other kinds of polydisperse PSDs in the
sample (iv) to extend our models of simulation to measure
the distributions in the sample of characteristic parameters
of the size and the shape of non-spherical particles.
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Abstract

Photophoretic force exerted on an absorbing sphere in
air by a focused Gaussian beam is analysed theoretically
using the generalized Lorenz-Mie theory. The influence of
parameters of Gaussian beam (size of beam waist and
location of beam waist centre) and that of particle
parameters on the photophoretic force are investigated in
detail. The results show that the photophoretic force can be
larger than the radiation pressure force by an order of 4~5,
which makes the radiation force to be negligible in practical
experiments in certain conditions.

1 Introduction

Compared to the extensive studies on the radiation pressure
force of optical tweezers, the photophoretic force is a
“forgotten force” in the field of optical manipulation
technique. This is partially because most of the previous
studies of photophoretic force were motived by the
applications in atmospheric science and astrophysics. Until
recent years, breakthroughs have been made in the
experimental line that photophoresis-based optical
manipulation of small particles provides a significant way
to investigate the characteristics of physical and chemical
properties of aerosol particles, in a combination of other
techniques, such as imaging, light scattering, Raman
spectroscopy and others. The application of trapped
particle in realizing three-dimensional displays in space
named as optical trap displays also attracted a lot of
attention.

Compared to the rapid developments in the experiments,
theoretical analysis of photophoretic forces is less
developed, which is partially because it is an
interdisciplinary ~ problem of thermal dynamics,
electromagnetic scattering and fluid mechanics that
requires corresponding development in each field. The
underlying mechanisms of photophoretic force exerted by
a structured laser beam are not fully understood. In this
abstract, photophoretic force exerted on an absorbing
sphere in air by a focused Gaussian beam is analysed using
the generalized Lorenz-Mie theory [1].

2 Theoritical treatements

For a homogeneous non-volatile sphere in the gaseous
medium, analytical solutions have been obtained in
different conditions depending on the Knudsen number
Kn=1/a, where | and a are the mean free path of the
gas molecules and the particle size, respectively. In the slip-
flow or continuous regime, where the size of the particle is
much larger the mean free path of the gas molecules, we
have Kn<1l or Kn<<1 . The photophoretic force is
mainly due to the thermal creep around the particle. By
applying the boundary conditions, the photophoretic force
for a non-volatile sphere in the slip-flow regime is given by
Mackowski [2]:

4rc;la

p

1
J
pokT,  (L+3c,I/a)d+2c] fa+2k; [k)

.(8)

C

coefficient, the thermal slip coefficient and the jump

where C, and C, are the momentum exchange

m

coefficient, respectively. T; is the temperature at infinity,

which is assumed to be the ambient gas temperature. p,
and 77, is the density and viscosity of the surrounding
gaseous medium, respectively. |, is the intensity of the
incident wave. k;and Kk, are the thermal conductivity of

the gas and that of the particle, respectively. For the special
case Kn<<1, Eq. (1) can be approximated by:
dreaila 1 ]

pgksTO (ks +2kg) v

©)

p

which are the same as those given by Yalamov [3]. For a
strong absorbing particle where radiation is absorbed
entirely on the illuminated surface, the asymmetry factor
J, =0.5, and Eq. (1) reduced to that given by Reed [4].

On the other hand, if the size of the particle is much
smaller than the mean free path of the gas molecules, we
have Kn >>1. Then the kinetic theory of gases is applied to
give an analytical solution to the photophoretic force for a
non-volatile sphere:

_ #langgla(all)’
© 6pk T, 1+H, U

(10)

p

where
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(11)

where ¢ is the thermal accommodation coefficient defined
as the ratio of the net molecular kinetic energy transfer to
the particle to that if all reflected molecules were
characterized by a Maxwellian distribution evaluated at the
actual local surface temperature. Considering;:

1/2
l—op| 2 L 2B R
8RT, ) p, T4 M
Eq. (3) can be written as:
ra‘apl
LU (13)
3(ha+k)T,

which is the same as those given by Zulehner and
Rohatschek [5], and Yalamov et al [6]. For radiation
absorbed entirely on the particle surface, where J, =-0.5,
then Eq. (6) is exactly the same as that given by Hidy and
Brock [7] with h=apV /(2T,).

As shown in Egs. (1)-(6), in both the slip-flow and the free
molecule limit cases, expressions for the photophoretic
forces have the same dependency upon radiative
absorption, which is embodied in the photophoretic
asymmetry factor Ji. The asymmetry factor Ji represents a
weighted integration of the source function over the particle
volume and depends on the intensity of radiative heating,
which makes the knowledge of internal field distribution a
key issue [8,9]. In the case of a structured laser beam
illumination, the asymmetric factor is extended to a vector,
and the photophoretic force can be expressed as:

—Cv

Kn Yas *

(14)

where C,, isa constant Value in certain conditions and Vg
is the asymmetric vector

Ve =1, (3,8+3,9+3,2). (15)
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where x=27al/A is the size parameter , A is the

wavelength , ng £ and g,T v are the beam shape
coefficients. C,,d, are the scattering coefficients.

3 Numerical results and disscussions

Parameters Values
Particle density p, 1.2613x10°kg / m®
Gas Viscosity 7, 1.82x10°Pa-s
Thermal conduction 0.28W/(m-K)
coefficient K,
Temperature T, 300K
Light Intensity |, 3.8x10°W/m?
Pressure p 30Torr
Mass of Gas 28.952 kg/mol
Gas constant R 8.31

Table 1 Parameters of the ambient atmosphere conditions and
those of particle used in the simulations.
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Fig.1 Ratio of photophoretic force to gravity force of a glyceryl
particle illuminated by a plane wave. Complex refractive indices
of the particle are M =1.57—i0.0475 and M =1.57-i0.38
which correspond to the wavelength of A=10.63um and
A=9.58um, respectively.

To validate the correctness of the theoretical derivation,
ratio of photophoretic force to gravity force of a glyceryl
particle was calculated and displayed in Fig. 1 for a plane
wave illumination. The parameters in the simulation
concerning the ambient atmosphere conditions those of
particle used in the simulations are listed in Table 1, which
are the same as those given in the experiment implemented
by Arnold and Lewitters [10]. As shown in Fig. 1.
Satisfactory agreements have been achieved between the
results obtained by Mackowski [2] and those calculated by
our method in the case of plane wave case.
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Fig. 2 Variations of (a) photophoretic force; and (b) radiation
pressure force of a glyceryl particle with size parameter. The
parameters used are the same as those in Fig.1. Wavelength

A=9.58um,

M =1.57-i0.38.

Variations of photophoretic force and radiation pressure
force exerted on a glyceryl particle illuminated by a tightly
focused Gaussian beam have been studied and the results
for the case of A=9.58um and M =157-i0.38 are
displayed in Fig. 2. The parameters used are the same as
those in Fig. 1. The particle is assumed to be in the center of
beam waist, e.g. X, =Y, =2, =0. The power of the laser
beam is 300mW. As shown in Fig. 2, the photophoretic force
is much larger than the radiation pressure force by an order
of 4~5. Concerning the density of glyceryl, the gravity force
of the particle is less than the photophoretic force by 2
orders. Thus, the glyceryl will be pushed away from the
beam waist centre and then find an equilibrium position
where the illumination density is much less than the beam
waist centre.

4 Conclusion and perspectives

With the framework of GLMT, photophoretic force and
radiation force exerted on an absorbing sphere by a focused
Gaussian beam are studied. The influence of parameters of
Gaussian beam and of parameters of particle on the
photophoretic force are investigated. More detailed results
will be presented in the coming conference.
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Abstract

We discuss microparticle manipulation in the evanescent
field of an optical nanofibre. Due to the nonparaxial nature
of the tightly confined field, observation of the transverse
spin of light becomes possible. ~We also note that
inhomogeneous particles, such as gold-silica Janus
particles, can be trapped using the evanescent field, with the
gold cap acting as an optical sail. Some of the subtleties of

the nature of the evanescent light field will be explored.

1 Particle Manipulation using Optical Nanofibres
In recent years, optical nanofibres are being used as
alternatives to optical tweezers for micro- and nanoparticle
trapping, manipulation, and sorting [1-4]. The intense
evanescent field with a steep field gradient provides a
strong trapping force consisting of gradient and scattering
force components. Using counterpropagating beams in the
nanofibre can localise the particles at specific positions
allowing us to observe coupling of the spin component of
light to orbital motion of the particle [5]. Recently, methods
to control the polarisation of light in the evanescent field [6-
8] have dramatically improved the functionality of optical
nanofibres as particle trapping devices, allowing us to
observe the transverse spin angular momentum of light and
to exploit inhomogeneities in the particle’s composition to
emphasise some of the features of the light field.

1.1 Observation of the transverse spin of light using

anisotropic particles in an evanescent field

In contrast to paraxial light, tightly confined light carries
an appreciable amount of transverse spin angular
momentum, S.. We have detected S, in the evanescent field
near the waist of an optical nanofibre by observing the
rotation of an anisotropic microparticle held near the fibre
and rotated using an optical tweezers, see Figure 1. By
setting the optical tweezer's driving spin angular
momentum to be parallel or antiparallel with respect to the
transverse spin near the nanofibre, we can change the rate
of the particle’s rotation compared to the case where there
is no light propagating in the fibre [9].

1.2 Janus particle manipulation in an evanescent field
Janus particles are composite particles that have gained
interest in the research community recently, primarily in
relation to biomedical applications. Such particles can act
as micro- or nanoactuators, carriers, or imaging agents. One
major challenge is the manipulation of Janus particles as

they can be difficult to trap in standard optical tweezers. We
demonstrate that the optical forces in the evanescent field of
an optical nanofibre can be used to efficiently manipulate
Janus particles consisting of silica microspheres half-coated
with gold. We find that the Janus particles exhibit stronger
transverse localisation and faster propulsion compared to
silica particles of comparable size [10].

HE 4
mode

detecting S, || S

Figure 1 Schematic of the experiment for a demonstration of
the transverse spin of light. An anisotropic particle is trapped
using an optical tweezers and placed in the evanescent field of an
optical nanofibre. An optical torque T is produced via the
transverse spin of light S and this contributes to the total
torque T on the particle [9].

2 Conclusion

We have presented several optical manipulation
examples using nanofibre waveguides to control the motion
of microparticles in the evanescent light field. The highly
confined electromagnetic field allows us to demonstrate
effects that are not easily observed using paraxial light
fields, such as the transverse spin of light. By careful choice
of the particle, we have been able to observe spin-orbit
coupling, whereby the polarisation of the light influences
the orbital motion of the particle around the optical
nanofibre, and the transverse spin angular momentum of
light. In future, we will focus our work on nonspherical
particles.
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Abstract

The method is developed to describe optical properties
of a normally illuminated monolayer (2D array) of spherical
particles embedded in a homogeneous absorbing host
medium (matrix). It is based on multipole expansion of
electromagnetic (EM) fields and dyadic Green's function in
terms of vector spherical waves functions and takes into
account multiple scattering of waves in the quasicrystalline
approximation. The method is applied to describe the
scattering and absorbing properties of partially ordered
monolayers of spherical voids in silver (Ag) matrix.

1 Introduction

The particulate layers object of
investigations in the last decades. The interest is caused by
unique possibilities which are opened by usage of these
layers in optics, optoelectronics, photonics and
nanophotonics, medical applications, etc. The majority of
work devoted to these structures imply that absorbing or
nonabsorbing particles are located in a nonabsorbing host
medium. However, some applications require
of particulate layers in absorbing
environment, e.g. solar cells, photonic crystals, ocean optics,
etc. There are publications where optical properties of
single particles [1] or sparse ensembles of particles [2,3] in
absorbing host medium are considered. But we are not
aware of publications in which densely packed monolayers
of particles in an absorbing medium would be studied.

We present a brief summary of the method we are
developing for determining the optical properties of a
monolayer of spherical homogeneous particles in an
absorbing host medium (matrix). This method is used to
describe the optical characteristics of a monolayer of
identical densely packed partially ordered spherical voids
in a silver plate.

are intensive

consideration

2 Theory

We consider the monolayer of N identical spherical
particles centered at the points Ri, Ro, ..., Ry in the
monolayer plane (x,y). The coordinate origin O is in the
center of arbitrarily chosen particle (Figure. 1). The
monolayer stands in an absorbing matrix and is normally
illuminated by the plane EM wave with electric vector Eo
and unit polarization vector £, = gxX + gyy :

Eo, = éo EoeikhZ ’ ey
where k=2 mm1/A is complex wavenumber, mi=irtikn, nn and
kn are refractive and absorption indices of host medium, A
is the wavelength of incident wave in vacuum, Eo is the
amplitude of incident wave in the monolayer plane (z=0).

The field E(r) in some point r is the sum of fields of
incident wave and waves scattered by the given
configuration of particulate ensemble:

E() = Eo(n)+ 3 F (1 R,)-

i

o)

Here

(k,? =k ¢ , N (3
pTﬂh\;[er(r,Rj+r)-E(Rj+r) ©)

P
is the field created in point r by the particle centred at point
Rj, k=27mmy/A is complex wavenumber, mpy=nptiiy, np and «p
are refractive and absorption indices of particle, V; is the
particle volume, 0<Ir'I<D/2, D is the particle diameter,
E(Rjtr') is the field in point Ri+r' within the particle (internal

Fj(r,Rj):

field), G is the dyadic (tensor) Green’s function:
)

- - iky[r—ro|
G(r,ro):{ule@V}e ¢
kh |r_ro |

1 is identity dyadic.

E Absorbing host medium 7, Absorbing or

nonabsorbing particles |
\

RERRRRERE

Illumination

Figure 1 Schematic view (along the monolayer plane) of
normally illuminated monolayer of spherical particles embedded
in absorbing host medium (matrix). Te and Re are coherent
transmission and reflection coefficients of the system consisting
of the monolayer of particles with diameter D and matrix layer
with thickness D. Iinc is the intensity of the incoherent light.

Averaging the Egs. (2) and (3) over all possible ensemble
configurations results in the following equations [4]:
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(E(r)) =Eq(r) +Z<F,— (r,R)) =Eo(r)+

(ko"

, , (5)
+Apoj.d Rjd r'G(r,R+r)-(E(r)),

A

(Er), =

+ wpojd Rg(R) jd rG(r, R+r")-(E(r),

n (Ke® =KR) £ .
Eo(r)+TVJ;drG(r,r)-(E(r)>l+'(6)

A

Here m is averaged number density (concentration) of
particles, g(R) is the radial distribution function (RDF) [4,5]
characterizing the probability to find the particle centred at
distance R relative the particle centred at the coordinate
origin, R=IR |, (E(r))1is the field in the particle centred at the
coordinate origin, averaged over the positions of all other
particles (averaged internal field). It determined by Eq. (6)
with applying the quasicrystalline approximation (QCA)
[6].

The field in the far zone in the direction [ for the single
monolayer particle is determined via the amplitude
scattering function:

e L S AR )
f(F) =2 i _[dr(l r®r)e (E(r)),

vy

It takes into account the multiple scattering of waves. To
determine f(f) we expand the functions entered in (6), (7)
in terms of vector spherical wave functions [4]. As a result,
we obtain:

f(F) = E,[f, (F)0 +1,(P)§], ®)

where
o 2+ [ 20 () (°) cosp+ib® sin (0) 9
fo(F) = Z|(|+1) |:+‘C(l)(,u) [ cos<o+||g,E sin (0) @)
R S CARR0) r(l)(y)~(b(e) COS§0+ib(°)Sin¢))+ (10
0= L'n.‘“(yﬂ bl cosp+ibsin )]
Angular functions Tu()=Pi(cosB)/sinb,

©M()=dPiW(cosB)/d6, where p=cosB, Pi®D(cosf) are
associated Legendre function, § and (f) are unit vectors in
the directions determined by polar & and azimuthal ¢
scattering angles.

The expansion coefficients b n bl(EO’e) take into
account multiple scattering of waves and determine the
contribution of multipoles of different orders into the total
scattering field. They are calculated by analogy with the
technique described in [4]. Using these coefficients, we can
write the equations for coherent transmission T. and
coherent reflection R. coefficients:

X Z(ZI +1)(b + b

X (1+|ﬂh = # . (11)

Z @ +1) (b +b% i

Tc _ e—4x/fn

Ey —

Ix @+ |ﬂh

2
+1)bi - bf?i 1, (12)

2
+1)(b - bfs’j

RC — e4xﬁn( 77 J
X2 +i
A+iBn)? N
1=1

where x=nDmni/A is the particle size parameter in the host
medium, Bi=xn/mn, 7 is the monolayer filling factor
describing the ratio of the area of all particle projections into
the monolayer plane to the area where the particles are
distributed.

The incoherent scattering coefficient Finc of a monolayer

is determined as follows:
27 T
Fue = [d[ 116, p)e "t sin gd g (13)
0 0

Here I/ is the reduced intensity [4] of incoherently
scattered light:
1.8, ) = w
wx* L+ fi)
2
Z(2|+1) 1 (1) - (b$) cosg +ib sin o)+
10+1) |+ 10 (1) - b cosg +ib® Sln(p)
2
N z (2 +1) {r,‘” sly) . (b,(e) cosg +ib{ sin (p) }
10+ |+ 2 (1)t )

b cosp +ibl sing

v (14)

1=1

were S(sind) is the structure factor of a monolayer [4,7]:

S,(sin0) =1+8n j [o(u)-1]3,(2xusin Gudu-  (16)
0

u=R/D is the dimensionless distance in the monolayer plane
expressed in the particle diameters D.

The absorption coefficient A of a monolayer is defined
using the (11)-(13) as follows:

A=1-T—RcFin. (15)

These characterize only the system
consisting of the layer of host medium of thickness D
(bounded by dashed lines in Figure 1) containing the
monolayer of spheres with diameter D. They do not take
into account absorption of host medium outside the
monolayer.

coefficients

3 Results of Calculations

We applied the developed method to consider the optical
properties of the system consisting of the partially ordered
submicron spherical voids in a homogeneous silver plate.

Figure 2 shows the spectral dependences of T¢, R, Fincand
A coefficients of such system at different diameters D of
voids. One can see that in the spectral region of plasmonic
resonance (4=0.3 - 0.4 um) the coherent transmittance, as a
whole, grows with decreasing the void diameter (Figure
2a). For small voids, D<0.05 pm, the “extraordinary
transmittance” is observed. Less pronounced peaks occur
outside this region for larger voids.
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Figure 2 Spectral dependences of T¢, Rq, Finc and A
coefficients of the partially ordered monolayer of spherical voids

in silver (Ag) plate at different diameters D of voids. 17=0.5

From Figure 2 it follows that for larger voids, the strong
correlation takes place between Tc, R, Finc and A spectra,
especially in the wavelength range outside the plasmonic
resonance region. In contrast to the monolayer of silver
particles in air [8] where dips in the transmission and peaks
in the absorption coefficients spectra take place, here the
peaks in Te(4) and dips in A(1) are observed. Also, the low
amount of incoherently scattered (Figure 2c) and large
amount of absorbed (Figure 2d) light take place.

4 Conclusions

The method to describe optical properties of a normally
illuminated monolayer of homogeneous identical spherical
particles in an absorbing host medium is developed. It is
based on multipole expansion of electromagnetic (EM)
fields and dyadic Green’s function in terms of vector
spherical waves functions and takes into account multiple
scattering of waves in the quasicrystalline approximation.

The method is applied to describe scattering and
absorbing properties of the system consisting of the
monolayer of voids of various diameters D in the silver
matrix. The effect of “extraordinary transmittance” is
observed for the monolayer of nanosized (D<0.05 pm)
voids.

The method and obtained results can be used to
investigate and optimize various optical, optoelectronic,
and photonic devices, such as solar cells, light emitting
diodes, optical filters, etc.
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Abstract

The radiation force generated by the interaction between
the arbitrary-shaped optical polarized beams and the
PEMC (perfect electromagnetic conductor) sphere is
discussed in this paper. The generalized Lorenz-Mie theory
(GLMT) for a laser beam of arbitrary shape illuminating a
perfect electromagnetic conductor (PEMC) sphere is
presented. The precise expressions of arbitrary-shaped
optical polarized beams are attained based on the vector
spherical wave functions (VSWFs) and beam shape
coefficients (BSCs). The scattering beams are composed of
the VSWFs and scattering coefficients which are gotten
considering the special boundary conditions at the surface
of the PEMC sphere. According to the Maxwell stress
tensor, the exact expression of the radiation force in the
GLMT frame is attained, which is divided into three parts:
co-polarization, cross-polarization, and interference
components. Taking the Bessel beam as incident, the effects
of size parameters, admittance coefficient, and the beam
parameters of the Bessel beam on the radiation force are
calculated. The radiation force effect between the structural
beam and the meta-material has promising application
prospects, such as in biology, medicine, and particle
manipulation.

1 Introduction

As a type of electric-magneto metamaterial [1, 2], the
perfect electromagnetic conductor (PEMC) [3, 4] aroused
more interest for its special characteristics. Different from
the dielectric conductors, the electromagnetic field
disappears in the internal of PEMC [5]. Besides, the “optical
rotation” effect [6, 7] is presented when a PEMC is
illuminated by some kind of polarized beam. Just as its
name implies, the polarization states change when the
electromagnetic field illuminates to a PEMC, which induces
other cross-polarized scattering waves except for
conventional co-polarized scattering waves. This ”optical
rotation” (It is also named circular dichroism.) effect has
been discovered in chiral material [8, 9] (quartz and
tartrate), liquid crystals [10, 11], and ice crystal [12] .etc.
Besides, it has been applied to the pharmaceutical and
biological fields [13].

The PEMC usually is considered as an extension of the
perfect electrical conductor (PEC) [14] and perfect magnetic
conductor (PMC) [15]. The characteristics both of PEC and

PMC are united by the PEMC using admittance coefficient
M. The PEMC degenerates into PEC (limit M — o ) or
PMC (M = 0) only depending on the M . Since the
concept of PEMC was put forward, there are plenty of
researches on the PEMC because of its promising prospect.

Incident Bessel
(vortex) beam

Figure 1 Demonstration diagram that a PEMC sphere is
illuminated by an arbitrarily shaped beam (The Bessel beam with
half-cone angle &, as the incident beam in this Fig). The radial
vector I and the wave vector K are shown in O — XyzZ coordinate.
The included angle o and [ express the relation between the
wave vector K and the O — Xyz coordinate.

The PEMC is seen as a perfect reflector to the beam and
the reflection,
scattering, and absorption of PEMC to electromagnetic
waves always is a key research area [16]. Over the past few
years, the interaction when a plane - wave illuminates to the
PEMC is a critical research direction. A research studied the
scattering of two-dimensional PEMC and PEMC strips to
the plane - wave [17]. Another research also studied the
scattering that a plane - wave illuminates to a PEMC strip
which buried in non-integer dimensional dielectric half-
space is using Kobayashi potential method [18]. Some
scholars made some researches that the electromagnetic
radiation scattering by PEMC circular cylinder [19], sphere
[20] and arbitrarily oriented dipole field [21] in free space.
Another scholar studied the electromagnetic scattering by a
PEMC plate in a lossy medium [22]. Besides, some studies
considered the scattering effect [23] and polarizabilities
when the electromagnetic wave illuminates a PEMC sphere
located in chiral media. The scattering characteristics that
the plane - wave illuminates to a PEMC cylinder covered by
a homogeneous plasma anisotropic material also has been

the electromagnetic field. Therefore,
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studied [24]. What's more, the interference and diffraction
effects also attract others” attention [25]. In recent years, a
study focused on the diffraction when a plane - wave
illuminates to a PEMC half-screen [26].

Recently, the research contents also extent to the
radiation force and the torque effects, not just the scattering
effect. The electromagnetic radiation force was studied
when a plane - wave illuminates to a PEMC circular
cylinder[28,29]. Later, the more complex model to research
the electromagnetic radiation force was built that PEMC
sphere is illuminated by a linear polarization plane - wave
[30]. Besides, the radiation force and torque were explored
when a circular polarized plane - wave illuminates to a
PEMC sphere placed in a lossy space [31]. More physical
characteristics have been discovered based on these
relatively new researches.

Improvement based on the PEMC theory and combined
the well-known characteristics of arbitrary-shaped optical
polarized beams, this manuscript highlights the interaction
between the PEMC sphere and the arbitrary-shaped optical
polarized beams. The main formulas that arbitrary-shaped
optical polarized beams illuminate to a PEMC are derived.
At first, the beam shape coefficients (BSCs) of arbitrary-
shaped beams are derived using the angular spectrum
decomposition method (ASDM). By substituting the
expressions of the vector spherical wave functions (VSWEF),
the exact expressions of arbitrary-shaped optical beams
under different polarization states are attained. Later, the
precise formulas for scattering fields are attained based on
the generalized Lorenz-Mie theory (GLMT). Based on the
correlation expressions of the incident and the scattering
fields, both the longitudinal and the transverse radiation
forces are determined. The scattering coefficients are gotten
after solving the boundary conditions. Different from
traditional = scattering  coefficients  gotten = when
electromagnetic wave illuminates to a dielectric sphere, the
scattering coefficients are divided into co-polarized and
cross-polarized components. In order to better explain the
physical phenomenon, this paper uses the Bessel beam as
the incident illuminating to a PEMC sphere. The optical
radiation force and its various polarization components are
highlighted in this paper.

2 Method
The incident electromagnetic field are expressed as Eqs.
(1 -2) according to the VSWFs and BSCs.

© N

Epe == 2 1B [ PN (K1) + 0, MY (K1) ]

n=1 m=-n

Hinc = _L i i Emn I:qmnN%l (k’ r) + pmnM(;; (k’ r):l
Cl)/lo n=l m=-n
Where, the N% and M are the VSWFs and the BSCs
( Py,and 0,,) are attained based the ASDM.the scattering
electric field and magnetic field are expressed using VSWFs
as

(24)

(25)

E=Y 3 i€, [ NO k) +b, MO )] (26)
n=l m=-n
Hy =3 Y E, [aNO KD+ pMEKD ]  (27)
a)luo n=l m=-n
Where the a,, and b, are the scattering coefficient.
with
E_—i'E, 2n+1 (h—m)! 28)
n(n+1) (n+m)!

Because of the boundary condition of PEMC sphere
surface:

nx (H+ME) =0 (29)
The scattering coefficients can be attained:
amn — a;l;%TM + a;l\rfl —->T™M
b — bTE —->TE + bTM —>TE
mn mn mn
a;l:]/l —->T™M — pmn a:M —->T™M 30
aTE4>TM — q aTE~>TM ( )
mn mn=—mn
bTEaTE — q bTE~>TE
mn mn=n
™M >TE T™M >TE
bmn - = pmnbn ”
{M %O (ka) [ Kai, (Ka)] + jn(ka)[kahnw(ka)]'}
a:MeTM — v
(1+M?7*)h® (ka) [ kah® (ka) |
iM ;7{ jo(ka) [ kah” (ka) | - hn“)(ka)[kajn(ka)]}
TESTM _
" (1+M2%?)h? (ka)[ kah® (ka) |
e {M 2 jn(ka)[kah,?’(ka)] + h,?’(ka)[kajn(ka)]'}
" (L+ M%7 )0 (ka)  kaht® (ka) |
bTM —TE — 7aTE4>TM
(31)
Where the a~”™ and b[*~'™ are the scattering co-
polarization components, and the a'-”™ and b~ ™ are

the scattering cross—polarization components.
Because the time - averaged Maxwell’s stress tensor is

t
ctr:[goE®E+H®H—%(£0E-E+H-H)Ij (32)

The expression of radiation f?rce is shown as follows
(Fy= ”ﬂ (6)-ndQ (33)

Therefore, the precise expressions of radiation force in x,
y, and z directions and their components can be rewritten
as the combinations of BSCs and scattering coefficients. Due
to space limitation, the derivation will not be carried out
here.

3 Discussion and conclusion

In this work, the radiation force generated because of the
interaction between the PEMC sphere and arbitrary-shaped
optical polarized beams is discussed. The size parameter ka
and admittance coefficient M have been proved they take
effect on the radiation force and its co-polarization, cross-
polarization and interference components. Besides, the
effect from order | and half cone angle «, of the Bessel
beam has been verified. Limited to space, we can't discuss
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it here. This work is of great significance in the research of
optical tweezers, particle manipulation, and metamaterials.
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Abstract

Obtaining Static Light Scattering profiles from optically
trapped entities poses considerable engineering challenge
due to space constraints in a typical Optical Trap setup. We
propose here a three-angle light scattering technique that
can not only help characterize the structure but also be
useful in understanding the dynamics of microscopic
objects that are trapped optically. In this work, we
demonstrate the use of such a measurement scheme in
determining the optimal angles for light scattering
measurements and probing the orientational dynamics of a
microsphere dimer.

1 Introduction

Since their invention in the late 1980’s by Arthur Ashkin
[1], Optical Tweezers have found application in
experiments ranging from single-molecule Biophysics [2] to
those that test fundamental assumptions of Quantum
Mechanics [3]. Perhaps the most common use of the Optical
Tweezer is in force transduction and sensing [4]. While
Raman Scattering is used to characterize the trapped
particles [5], this technique cannot shed light on the
dynamics of the trapped microparticles. In contrast, light
scattering can be used to both characterize the trapped
micro-structure and also obtain information on dynamics.
However, adapting Light Scattering measurements in an
Optical Tweezer Setup, typically involving an inverted
microscope arrangement, is a significant engineering
challenge as the oil-immersion objective used for trapping
makes physical contact with the coverslip of the sample
holder and thus rules out the possibility of introducing a
second scattering wavelength from the bottom of the
sample holder. A further complexity is the collection of
scattered light at precise angles with a reasonably small
angular range.  Both these concerns were addressed by
Saffran and co-workers [6] where they measured light
scattering from a trapped microbead using an optical fibre
placed precisely at 75-degree with respect to the direction of
incidence of the scattering light which was also the trapping
light. Since they collect scattered light at one angle only,
they were reliant on autocorrelation estimates for
characterizing the trapped bead.
We propose a three-angle light scattering detection scheme
and explore its suitability to characterize trapped
microstructures. We further discuss the usefulness of this

scheme in inverting the light scattering problem to
determine the orientation of the microsphere dimer from a
light scattering measurement at only 3 angles.

We hope to extend this technique to study the orientations
and dynamics of more complex shapes trapped in an optical
tweezer in a subsequent full-length paper.

Y

Probe beam, 532nm

8

Optical Fibres at 3 angles to
detect scattered light.

Optical Fibre
XY Plane

=

1

Trapping beam, 1064nm

CFITgIT—WA Objective

Figure 1: Schematic of Light scattering detection from an
optically trapped asymmetric microsphere doublet. The optical
fibre carrying the probe beam and the 3 fibres used to detect
scattered light are all in the XY plane. The reference frame is
assumed to be coincident with the trap-centre and the z-axis is
assumed to be along the propagation direction of the trapping
beam

2 Methodology

2.1 Optimization Protocols for solving the Inverse light
scattering problem

In this section, we formulate a method to determine the
optimal angles at which one may collect scattered light in
order to deduce the orientation of the pair of particles. The
orientation of the particles is labelled by the unit vector 7i
which points from the centre of particle 1 to the centre of
particle 2 (Fig 1) and its components along X, Y, and Z
directions are indicated as nx, ny, and nz respectively.
Shining a plane wave on these particles will produce a
scattering pattern I(6, i ) which will depend on the
orientation fi. The angle dependent scattering from the
particles is calculated at several different orientations 7
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using the T-Matrix based, package MSTM v3.0 [7] which is
capable of computing scattered light from microsphere
clusters.

The intensity of scattered light can vary by orders of
magnitude at different angles. Instead of using these
measurements directly, the values are scaled so that the
response yk at each angle k is normalized as

I(Hk'ﬁ)_<|(9k )>
1'(60)~(1(6,))°

Where (1(6,)) = [dil(6,,i)and (17(4, )>=jdm2(9k,ﬁ)
The intensity of the scattered light is only collected at three
angles 61, 62, and 03. When the particle is in orientation 7,
we denote the measurement as the three dimensional vector
Vq(11); the subscript q denotes the particular choice of angles
at which the measurements were performed (i.e., the
specific values 01, 02, and 0s), and different sets of angles
correspond to different values of q.

The Scattering simulations give us the expected
measurement values yq(71) when the particles are at a
particular orientation #i. In practice, there are uncertainties
associated with a measurement. We assume that these are
Gaussian, with a standard deviation o. The scattering
simulations give us the conditional probabilities p(y! ),
which is the probability that a particle in orientation 7 will
yield a light-scattering measurement y as:

pq( y|fi) = (2702 )*‘”ZE‘\V-W\ 1267

@ (35)

We are interested in determining the orientation of the
particle given a light scattering measurement. This can be
formulated as the conditional probability p,(fily), the
probability that the particles are in orientation i given the
measurement y. This probability can be determined from
Bayes’ theorem

(34)

yk(ﬁ):<

P (Y1) p(1ri)
P(Y)

Where p(#) is the prior estimate that the particles are in
orientation 1 and pq(y) is the prior probability that a

p(1fily)= 3)

measurement y will be obtained p,(y)= Idﬁp( n)p(yln).

Without any prior evidence, we assume that the orientation
of the particles is distributed as p(# ), which can be
uniformly oriented or oriented with respect to some
Boltzmann distribution. Knowledge from previous
measurements (e.g.,, immediately before the current
measurement) can also be used to inform the estimate for
p(7).This gives us an estimate of the orientation of the
particle, given a particular value of the measurement. In
principle, this solves the inversion problem; however, if the
probability distribution pq(#i|y) is broad or has multiple
peaks, then we will have a poor estimate of the particles’
orientation. A probability distribution with more than one
peak points at the fact that there are multiple sets of
orientations possible for a given scattering measurement.

This problem can then be mitigated by changing the angles
at which we perform the measurements. Such a choice of
measurement angles can help optimize pq(7i|y).

From the probabilities, it may be possible to write down

the information content ‘H’ as H = —[drip(fi)In p(fi) while

the information content for a prior measurement may be
written as Hq(y):—jdﬁpq(ﬁ| y)Inp,(fily) which is

H,= —I dyH,(y)p,(y) . The expected information gain

from obtaining measurements is H; — H.

H, - H =%+%ln(2m?)+jdypq(y)|n p(Y) (@

A maximization of the parameter above should help
determine the best possible choice of 3 angles at which to
measure the light scattering, given the dynamics of the
dimers and also the noise expected in a typical
photodetector based measurement.

2.2 Orientational Brownian Motion simulation for
dimers

To test the ability of the method to invert the light
scattering measurements and determine the particle
orientation, we simulate the Brownian motion of a dimer of
rigidly connected polystyrene spheres in water at 25°C that
is optically trapped. The stochastic dynamics of the trapped
dimer was simulated using the software package in [7]
which outputs positions of the centre-of-mass of the dimer
and it’s orientation along the 3 axes of a laboratory-frame
centred on the trap-centre. The diffusion coefficient for the
dimer was adopted from [9].

In Fig [2], we show a typical time evolution of the
orientation of microsphere dimers made of polystyrene
spheres of radii 1 micron and 0.5 micron in (a), 1 micron and
0.2 micron in (b), and 1-micron each in (c). The orientations
along the three axes of a reference frame centred on the trap-
centre with the z-axis pointing along the propagation
direction of the trapping laser are indicated as nx, ny, and
nz.

The dimers are suspended in water at a temperature of
25°C and are trapped in an Optical Trap generated using an
objective of numerical aperture 1.2 and with 1064nm laser
light whose power was assumed to be 5mW. The scattering
laser is assumed to be a plane wave, linearly polarized
along x-axis, and propagating along the x-direction as
shown in Figure (1).

In Figure (3) we show the time evolution of the position
of the centre of mass of the three dimers.
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Figure 2 Time evolution of orientation of dimers of radii
(a)1:0.5-micron (b) 1:0.2-micron and (c) 1:1-micron. Dimers are
suspended in water at 25°C and are being trapped in an Optical

Trap of NA1.2.
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Figure 3 Time evolution of the position of the centre of mass
of dimers of radii (a)1:0.5-micron (b) 1:0.2-micron and (c) 1:1-
micron. These positions are being reported with respect to the
centre of the laser-trap

As seen in Figures (2) and (3), the dynamics of the dimers
are dependent sensitively on size and one may expect the
proposed light scattering detection scheme to detect
signatures of the dimers’ orientation and position.

Our computer programs are presently capable of
generating light scattering for each position and orientation
of the dimers and we are working towards implementing
the inverse light-scattering protocols. We expect to

benchmark these protocols against light scattering signals
obtained from dimers of known size in an actual experiment
and also from MSTM based calculations so that they may be
useful in characterizing trapped dimers of unknown size
ratios. This, we hope will open up the possibilities of
extending this technique to characterize more complex
shapes.

3 Conclusions and future work

We assess the feasibility of characterizing trapped entities
in an optical trap by use of a 3-angle light scattering
detection technique and propose a protocol to optimize the
detection angles therein. We have setup Brownian motion
and light scattering computations and are presently
working on the computations aimed at optimizing the
choice of measurement angles given a realistic estimate for
measurement noise.

We hope to write up these results in a subsequent full-
length paper.
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Abstract

Theories and experiments on optical trapping under
femtosecond pulsed excitation demonstrated that the
force/potential acting on, and hence the ensuing dynamics
of, the particles is quite different from that under
continuous-wave excitation, owing to optical and thermal
nonlinearities. In this paper, we revisit the progress in this
field, elucidating the key concepts and potential
applications through exploiting optical nonlinearity.

1 Introduction

Recent theoretical and experimental works from our group
(1-9]
force/potential under continuous-wave (CW) excitation and

showed that the nature of optical trapping

femtosecond pulsed excitation (at the same time-averaged
power) is distinctly different. Under pulsed excitation,
optical and thermal nonlinearities can dramatically
modulate the force/potential acting on the particles, and
hence the course of particles’ trapping dynamics. In this
paper, we elucidate the concept of ‘escape potential’, arising
from nonlinear optical force under femtosecond pulsed
excitation, which was first theoretically envisaged for
particles of varying sizes [1-7]; subsequently, it was
validated through meticulous experiments [7-9] which also
revealed the critical role played by thermal nonlinearity
manifested by observation of an ‘adjustment dynamics’. We
further elaborate how we can harness optical nonlinearity
to have far-reaching applications in facile and controlled
optical manipulation.

2 Results and discussion

Refraction of light through a translucent non-absorbing
particle gives rise to a three-dimensional gradient force that
would try to restore the particle to the geometric focus
whenever it moves away from the focus; on the other hand,
reflection of light imparts a one-dimensional scattering force
that tries to push the particle forward, i.e. along the beam
propagation direction. Therefore, the net force acting on the
particle along the direction transverse to the beam
propagation is always restoring in nature; however, the net
force along the beam propagation direction results from a
balance between scattering force and axial component of
gradient force and the overall stability of the trap relies on
this delicate balance.

Now, under femtosecond pulsed excitation, optical
nonlinearity sets in which renders part of the refractive
index dependent on intensity of light. Due to dependence
of gradient and scattering force on light intensity to
different extent, the trapping force/potential on the particle
is dramatically modulated which can be controlled by
excitation parameters (for example, power/intensity, pulse-
width, etc) as well as by material properties (nonlinear
refractive index, particle-size, etc).

Let us now compare the theoretical results simulating the
nature of axial force/potential under CW and femtosecond
pulsed excitation. In Figure 1, the force and potential are
plotted for 100 mW CW excitation. The resulting potential
along axial direction is asymmetric (and has a minimum
slightly ahead of geometric focus) due to addition of
(conservative) gradient force and (non-conservative)
scattering force.
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Figure 1 Force (left panel) and potential (right panel) on an 80
nm diameter polystyrene bead under CW excitation at 100 mW
time-averaged power.

The asymmetry is more for femtosecond pulsed excitation
at the same time-averaged power, which is evident from
Figure 2.
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Figure 2 Force (left panel) and potential (right panel) on an 80
nm diameter polystyrene bead under femtosecond pulsed
excitation at 100 mW time-averaged power.

While escaping the trap, the particle is most likely to
overcome the lower-side of the potential barrier and be
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ejected in the forward direction. Therefore, it is imperative
to investigate the behaviour of this potential barrier to
escape the trap, termed as escape potential (Ues) [1], with
laser power.

W excitation
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Figure 3 Variation of absolute potential (black curves) and
escape potential (ved curves) with increasing time-averaged
power for CW excitation (left panel) and femtosecond pulsed
excitation.

As shown in Figure 3, while the absolute well depth, termed
as absolute potential (Uabs), monotonically increases under
both excitations, under femtosecond pulsed excitation the
escape potential maximizes at a particular average power
before falling off to zero. Therefore, for such excitation,
there exists an optimal power corresponding to most stable
trap which refutes the widely accepted rule-of-thumb that a
higher power would lead to more stable trapping.

Although the results shown here are based on dipole
approximation calculation (in the Rayleigh scattering limit)
[1, 5], the same were shown to hold using different theories
[3, 6] and for different particle-size limits [2, 4, 6].

One crucial observation in the experiment on micron-
sized particles [7] was that, following a steep rise (due to
initial dragging of the particle toward trap centre), the
backscatter signal drops from its peak value by certain
amount and remain constant as long as the particle resides
inside the trap; by changing the viscosity of the medium,
this drop in signal was attributed to the movement of the
trapped particle to a new equilibrium position contributed
by the delayed action of thermal nonlinearity.

As theoretically envisaged, optical nonlinearity can be
harnessed for facile optical manipulation involving reversal
of force on hollow-core dielectric nanoparticles [10-11],
multi-particle trapping (due to trap-splitting) [12] and force
reversal (due to Fano resonance) for metallic nanoparticles
[13], enhanced force on layered (core/shell type) dielectric
and hybrid nanoparticles [14], and so on.

On a final note, despite these stimulating results, a
rigorous theoretical description for thermal nonlinearities
incorporating hydrodynamic effects (for example, laser
induced convection)
nonlinearity due to presence of the particle is yet to be
formulated. experimental point-of-view,
synchronization among variation detection modalities, to
have simultaneous spatial and temporal resolution, is yet to
be explored. These new horizons are presently being
pursued in the author’s lab.

in the medium and thermal

From,

3 Conclusion

To conclude, the salient features of optical trapping under
femtosecond pulsed excitation are elucidated and its
potential applications are summarized.
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Abstract

Extending a recent theoretical work from the author, it is
shown here that it is indeed possible to analytically describe
the beam shape coefficients (BSCs) of an interesting and
promising type of optical field known as zero-order
continuous frozen wave (CFW), at least under an on-axis
configuration. This represents a first step towards a full
analytical incorporation of CFWs in the framework of the
generalized Lorenz-Mie theory (GLMT). As will be seen,
such a construction demands several intermediate steps
which might also be useful for describing azimuthally-
symmetric beams, whenever its spectrum — in terms of the
longitudinal wave number — is known a priori.

1 Brief Introduction and Theoretical Aspects

An optical CFW is a continuous sum of propagating
(non-evanescent) Bessel beams. Omitting a time-harmonic
convention exp(+iat), where wis the angular frequency, and
assuming +z free space propagation, its scalar version
(which serves as a building block for the construction of
vector beams) is written as [1-3]:

w(p.2) =y, [ Sk (kp)e ™ dk, (1)

In Eq. (1), k = 2n/A is the wave number, with A being the
wavelength, k: and kr are the longitudinal and transverse
wave number, respectively and Jo(.) is the zero-order Bessel
function. Cylindrical coordinates (p,¢z) are assumed
attached to both a Cartesian (x,y,z) and a spherical (r,6,¢)
coordinate system. In the GLMT, the origin O of the (x,y,z)
system coincides with the centre of a spherical scatterer [4].

A zero-order CFW is therefore a continuous
superposition of Bessel beams. It is, however, a
superposition of a very special kind, since its spectrum S(k:)
is made attached to its pre-defined longitudinal intensity
pattern | F(z)|? which, in turn, is defined within -L/2 <z <
L/2. Indeed, by expanding S(k:) into a truncated Fourier
series, S(k,)= Z:Til Aexp(izlk,/k) , the expansion
coefficients Ar are givgﬁ by [1,2]:

1 7l
A3 ®
that is, the expansion coefficients are sampled values of the
reference function F(z), which is a very convenient property.

In a recent work [3], the authors have shown that a full
analytical description of the BSCs of vector versions of Eq.
(1), with different polarizations and for arbitrary off-axis
configuration, would be possible if: (i) certain special

functions, viz.,
bl'z(kz) — mﬁﬂ:‘ &ji T;n ﬁ)
k k k

b%*(k,) = mz" (%ji%rnm ["?) 3)

k k
bS(k,) = ~27| ==
k=4 ()

can be Fourier expanded, and (ii) integrals of the form

I = jdkzi(l;zlgeiklz°bj(kz)3m+l( poJk?—KZ kzz)efi(mxl)%
2 ,
P R N
' -k z/k

can be analytically evaluated. Both problems have been left
openin [3].

In Eq. (3), the upper and lower signs in the Lh.s. refer to
the first or the second of the upper indices in the r.hs,
respectively. Besides, n 2 1 and —n < m < n, with n and m
integers, and (%) = —(1—x?)"? dP" (x)/dx
a"(x)=P"(x)/L-x*)"* are generalized Legendre
functions [4], with P"(x) being the associated Legendre
polynomials according to Hobson's definition [5]. In Eq. (4),
j=1to4, and one considers that the original scalar beam in

(4)

and

Eq. (1), after being taken as one of the transverse electric
field components depending on the chosen polarization, is
subsequently and arbitrarily displaced by (p,.4,,2,) from
the origin O.

The TM (Transverse Magnetic) and TE (Transverse
Electric) BSCs, g, and One / are then written in terms of
Eq. (4). As an example, for x-polarized CFWs, it can be
shown that [3]:

m _iml —qy(m=lmf)r2 (n-m! 2
Ohm = 2 ( 1) (n+‘m‘)!(lkz +Ik1)’ (5)
m __.im+1 - y(mjmi)rz (n—m)! . 4
gn,TE_ ! 2 ( 1) (n+‘m‘)!(lkz Ikz)v (6)

with similar expressions for y-, circular, azimuth and radial
polarizations.
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If, at one hand, it might be challenging to find explicit
analytical solutions to Eq. (4) for off-axis CFWs, the
situation becomes tractable for p, =0, that is, for on-axis
beams. Under this configuration, the Bessel functions
appearing in Eq. (4) are either 1 (whenm ==+1, forj=1to4,
or when m =0, for 1¢ ) or 0. Under such conditions, the
exponentials containing ¢, disappear, and the integrals can
be readily evaluated, thus allowing one to write, with the
aid of Fourier expansions for S(k:) and bi(k:), explicit
analytical expressions to Egs. (5) and (6):
m—\m\)lz (n - m)l Yoo

©

n "
- T 2
gn,TM 2 ( ) (n —+ ‘m‘)l 1=y p:zJC kA (7)
X(Btam‘l + B;é‘m—l)sl[ﬂ.(l + p) + k20:|’
o e (M) R &
- 2
gn,TE 2 ( ) (n =+ ‘m‘)!|:,|w P;w kA (8)
X(B30s + By S 7(1+ p) +hzo )

In Egs. (7) and (8), Si[.] is the sine integral function and
dij is the Kronecker delta. In addition, B} (j =1 to 4) are the
Fourier coefficients of the functions defined according to
Eq. (3), and they read as:
~ n(n+1) &Y om0

B 4|
~B(4 ) (id o + v S, n even (9)
" iﬂ'pB(,ul,Vl+%)1F2(V1+%;%,ILL1+V1+%;—#), n odd
0 n(nl+1) po B=BytB By- n(nl+1) By (10
g :_Eo(n'j)a;ri
25
—B(y3j,v3j)1F2(v3j;§,y3]. +v3].;—%“2), n odd
x
i77 PB(45,Vs +§)1F2(v3j T3ty Vg +§;—”24”2), n even
(11)
g 1o o
2%
—B(ys,vs)le(vs;%,ys+v5;—#), n even
" izzpB(yS,vs+§)1F2(v5+§;§,,u5+v5+§;—”24"2), n odd
(12)

In Egs. (9)-(12), Q(n,j) is the integer part of (1-j)/2, B(14,V)
is the Beta function and ,F,(¢; 8,5, X) is the generalized
hypergeometric function. In addition, =, =0+1,
Ma=0+2 , wu=(29+3)/2 , vy=v,=(n-2q+1)/2 ,
Vy=(N=0)/2 and v, =(n-q+2)/2 . Finally, a}’ are

coefficients which depend on the values of g, n and j, see Eq.
(3) of [6].

2 Computational Examples

As an example of computation of CFWs inthe GLMT, we
consider a x-polarized field with a reference function
F(z) = exp[-8(2z/L)*]cos(87z/ L) exp(-iQz) , where L = 44
pm. Here, Q = 0.75k determines the degree of paraxiality of
the beam, its transverse field concentration and the central
position of S(kz). For the simulations, A = 1064 nm, free space
propagation is assumed and we have truncated the sum
over p in Egs. (7) and (8) at p = pmax = 100. Field
reconstructions in the GLMT are in accordance with
Wiscombe’s criterion [7],
electromagnetic field components in terms of partial wave
expansions available elsewhere, see Egs. (3.39)-(3.50) of [4].

Figure 1(a) shows S(k,) for the chosen reference
function F(z), while Figure 1(b) illustrates |y(0,2)]* and
[F(2)’| . In Egs. (7) and (8), Imex = ceil[L/A], with ceil[]
denoting the ceiling function, see [1] for details. It is seen
that, for the chosen parameters, Eq. (1) adequately
reproduce the intended F(z) . Density plots of the expected

@

with expressions for the

1.0+

-0.9 -0.6 0.3

1.0 b
0.8
0.6
0.4¢

0.2

0.0

-0 -10 0 0 20
= (um)
electric field intensities \Ex(p,z)\2 and \EZ (,o,z)\2 at the xz
plane are shown in Figure 2.
Figure 1(a) S(K,) as a function of K, for the given reference
function F(z). (b) |y (0, Z)\2 and ‘F(Z)2 , the former being

calculated from Eq. (1)

The electric field components reconstructed from the
GLMT expressions, along p=0, canbe appreciated in Figure
3(a). The curve for \t//(O, Z)\2 is again shown for reference
purposes. As observed from Figure 3(b) from the
logarithmic error In[(n//(o, z)‘z -|E, (0, 2)2)/U,(0, z)zn] , an
excellent field reconstruction is achieved, at least along p =
0, which is the region of most interest for practical
applications. It can be shown, by plotting |y(0,z = Z’)‘2 for
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distinct z', that an excellent agreement is also observed in
the transverse direction.

|Ex(x,0,2)*
5 :
= 0.6
= 0.4
0.2
0
20 10 0 10 20
Z ()
(a)
éEZ(.\‘HOH:)ll
5 ; 5 1
10.20
|
= 0.15
- 0.10
0.05
0
5

220 -10 0 10 20
Z (qm)

(®)

Figure 2 Density plot of (a) and (b) at the xz plane,
corresponding to the reference function of Figure 1(b)

3 Conclusions

An analytical method for the evaluation of the beam
shape coefficients of zero-order continuous frozen waves
has been presented under an on-axis configuration. This is
a first step towards a full incorporation of such beams in the
generalized Lorenz-Mie theory envisioning light scattering
applications. Interestingly enough, the method here
presented is also suitable for describing on-axis
azimuthally-symmetric arbitrary-shaped beams. In this
case, however, there is no direct relation between the
Fourier coefficients of their spectra and a pre-chosen
reference function as expressed here in Eq. (2). This means
that their spectra must be known a priori for each particular
shaped beam, which might not always be in terms of as

shown by the coefficients in Eq. (2). Continuous frozen
waves, being a class of micrometer-structured non-
diffracting beams, can be of interest in applications ranging
from optical tweezers and bistouries, 2D and 3D imaging
and printing, holography and so on, and an extension of the
present work for arbitrary-order beams under off-axis
configuration is certainly deserved. This is current in

progress
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reconstructed using the GLMT [4]. (b) Correspondin
logarithmic error IHT(W(O, z)‘2 _‘EX(O, Z)‘Z)/‘U/(O’ Z)gH

5 References

[1] Zamboni-Rached M., Recami E., Subluminal wave bullets: Exact
localized subluminal solutions to the wave equations, Phys. Rev. A
77:033824 (2008)

[2] Zamboni-Rached M., Ambrosio L.A., Dorrah A.H., Mojahedi M.,
Structuring light under different polarization states within
micrometer domains: exact analysis from the Maxwell equations,
Opt. Express 25(9):10051-10056 (2017)

[3] Ambrosio L.A., Zamboni-Rached M., Gouesbet G., Zeroth-order
continuous vector frozen waves for light scattering: exact
multipole expansion in the generalized Lorenz-Mie theory, J. Opt.
Soc. Am. B 36(1):81-89 (2019)

86



LASER-LIGHT AND INTERACTIONS wiTH PARTICLES

AusUST 21-26™, 2022, WAaRsAW, PoLAND

[4] G. Gouesbet, and G. Gréhan, Generalized Lorenz-Mie Theories
(Springer, 2nd. Ed., 2017).

[5] L. Robin, Fonctions sphériques de Legendre et fonctions
sphéroidales (Gauthier-Villars, Paris, Volumes 1, 2, 3, 1957).

[6] Wong BR, On the overlap integral of associated Legendre
polynomials, J. Phys. A: Math. Gen. 31:1101-1103 (1998)

[7] Wiscombe W]., Improved Mie scattering algorithms, Appl. Opt.
19(9):1505-1509 (1980)

87



Laser-light and Interactions with Particles
Optical Particle Characterization follow-up !
7 August 21-26th, 2022, Warsaw, Poland

D 23
\
‘!ﬂ INSTYTUT FIZYKI &
POLSKIEJ AKADEMII NAUK

ELLIPSOMETRIC CONTROL OF PLASMONIC EVOLUTION AFTER HIGH-TEMPERATURE
ANNEALING OF THIN GOLD FILM

Tetiana MISHAKOVAT, Eugene BORTCHAGOVSKY? and Victor STEPKIN3

! Institute of High Technologies of Taras Shevchenko Kyiv National University, ave.Glushkov 4g, Kyiv 03022,
Ukraine
2 V. Lashkarev Institute of Semiconductor Physics of NAS of Ukraine, pr.Nauki 41, Kyiv 03028, Ukraine
3 Institute of Physics of NAS of Ukraine, pr.Nauki 46, Kyiv 03028, Ukraine

*Corresponding author: sku4auptica@gmail.com

Abstract

Annealing of thin metallic films is well-known to
influence parameters of resulting nanoparticles. Metal of
the film coalescences into nanoparticles, which size and
shape strongly depend on the temperature and time of the
annealing as well as materials of the film and substrate,
which in turn define the diffusion length, so the number
and size of seeds on which nanoparticles grow. High
temperature can results in recrystallization of nanoparticles
creating faceted monocrystals.

In such a way annealing manages plasmonic properties
of the resulting layer of nanoparticles via their size [1] and
concentration on the surface [2].

Ellipsometry has demonstrated its ability to record
plasmonic properties of system of interests [3] providing
both amplitude and phase information. So, the aim of this
work is to control by ellipsometry plasmonic properties of
layers of nanoparticles created by high-temperature
annealing of thin gold films.

1 Experimental

Gold films were thermally evaporated in vacuum of
5x10¢ torr on glass with gradient thickness due to the
corresponding deposition of substrates in vacuum chamber
according to the vapour source. Resulting thicknesses were
in the range 7-3nm.

Annealing was made by the next protocol: samples were
put for 5 minutes into the chamber heated to 190°C and
pumped out to 50 torr. After that the chamber was heated
with the speed 80%min for 7 minutes till 750°C. One portion
of samples was kept at that temperature for 1 minutes and
the chamber was opened to the air after that. The second
similar samples were exposed to the air immediately after
reaching of 750°C temperature.

Ellipsometry used for the control of annealed samples
measures two so-called ellipsometric angles ¥ and A
bearing amplitude and phase information [4]. As by
definition tgW¥=Irpl/Irs| where ri are Fresnel reflection
coefficients, behaviour of the angle ‘¥ reflects the excitation
of localized plasmons by extremums due to the energy
transfer to modes of the system of interest.

2 Results and Discussion

Results for the sample with the thickest film kept for one
minute at 750°C are shown in Figure 1. Mass thickness of
the film in the shown areas is about 7, 6.7 and 6.2 nm
correspondingly. Spectra of ¥ measured at angles of
incidences 60° 70° and 75° are shown under the pictures.
The arrow indicate evolution of spectra at the change of the
initial thickness from 7 to 6.2 nm.

&

-

¥ in degrees

10 15 20 25 30 35 40 45 50

Figure 1 Pictures of areas with the thickest film and
corresponding spectra of ¥angle.

It is seen that keeping of annealed film at high
temperature results in faceting of nanoparticles, e..
recrystallisation happens. For thickest film resulted
nanoparticles have the size of about 100nm, as for the
thinnest area of this sample it is practically twice smaller
with noticeably bigger concentration what decreases the
separation of particles and correspondingly enhances their
interactions. As the result it overcompensates the blue shift
of the resonance for smaller particles and the final shift of
localised plasmon is red.
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Such a behaviour can be proven by simple consideration
of the material balance. Total volume of the initial film
coincides with the sum volume of resulted nanoparticles. So
it can be shown that for the same amount of material the
average interparticle distance a~R3? where R is the average
size of particles. At the same time there is scaling in
nanoplasmonics. Particles polarizability is proportional to
R3 as the near-field of a plasmon is proportional to R3. It
means that if everything is measured in the size of particles,
no interaction changes at the system scaling. As in our case
at decreasing of the size in two times the interparticle
distance decreased in almost three times we have final red
shift of the resonance.

Similar results are for the sample without keeping at
high temperature, however the size of nanoparticles is
about twice smaller and there is no faceting as there was no
time for atomic diffusion at high temperature.

The opposite situation is for the sample with the thinnest
film. Results for two areas with the mass thickness of about
4.3 and 4 nm are shown in Figure 2.

¥ in degrees

Figure 2 Pictures of areas with the thinnest film and
corresponding spectra of ¥angle.

In this case noticeable increasing of the interparticle
distances decreases their interactions and we have relative
blue shift.

It is worth to note that samples with the mass thickness
in the range 5.7-5.3nm give after annealing localized
plasmons independent on the initial thickness. The position
of those resonances depend on the used annealing protocol.
Annealing without keeping the sample at 750°C produces
particles of 30-50nm in size with the localized resonance
about 2.4eV. Keeping the sample at 750°C increases the size
of nanoparticles to 100-150nm with much bigger spreading.

So the resonance is much wider with the energy about 2.1eV
as it should be for bigger particles.

3 Conclusions

Ellipsometry demonstrates that plasmonic properties of
annealed films strongly depend on the initial mass
thickness of the film. It is interesting to note that general
dependence of the resonance with the change of the initial
thickness does not depend on the annealing protocol.
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Abstract

Light refraction on moving surface of an increasing gas
bubble is examined in the case of laser-trapping in an
absorbing liquid solution. The treatment involves Doppler
effect on moving walls of the bubble. At different stages of
the bubble growth both classical (CDE) and stimulated
Doppler effects (SDE) take place. It may be treated the
former, CDE, as a recoilless limit of the energy-momentum
conservation laws while the latter, SDE, is considered to be
manifestation of the disbalance in the quantities of up and
down stimulated transitions in some resonance two-level
surface quantum system. Such disbalance is caused by the
spontaneous transitions in this system. The recoil effect on
a moving media surface is possible also as a result of a mass
transfer process through the interface; its probability is
bound to increase with the velocity of the surface
movement.

1 Introduction

1.1 Light Pressure and Recoil Effect

Light or radiation pressure phenomenon is caused by the
feature of momentum of running electromagnetic wave (in
electrodynamics) or photon (in quantum mechanics). It is
studied theoretically and experimentally over a century, but
some questions are to be answered yet, the choice between
Minkowski and Abraham definitions for photon
momentum in a medium being among them [1]. In the case
of normal incidence from vacuum on an immobile surface
of an absorbing medium, the pressure of the light flux
creates momentum /i-@,-(1+R)/C on average per
photon, and the momentum direction coincides with the
light beam wave vector, here /i- @, being the energy of the
incident photon. The same applies to a specularly reflecting
interface at reflection coefficient R =1 and modification
Ap, of photon momentum is derived in the process:

_2-h-w,

Ap, e o)

But single-photon momentum modification Ap, and its
sign is not determined uniquely for a photon transmitted
through the free-space surface of transparent dielectric [2].
Let a plane monochromatic wave falls on a coated immobile
smooth interface of the transparent semi-infinite medium.
As far as law of refraction takes place, a tangential

component of the light particle momentum is preserved in
its passage through the interface while the normal
component is increased (under natural assumption of
medium refractive index being n>1). Then, according to
the momentum conservation law, surface and medium
together have to be forced outwards. It is a recoil effect of a
sort because of its opposite trend to the case of radiation
pressure on a specular or absorbing surface. Evidently,
most of manifestations of so-called “negative optical forces”
[3, 4] are connected with this recoil effect. However, in the
limit of a large medium mass M — oo the refraction
process gets recoilless. It is obvious, our treatment is
consistent only with Minkowski definition of photon
momentum, i. e. P, =N-7%- @, / C. Therefore it results
in transmitted photon momentum modification Ap, at
normal incidence on the free-space surface of the
transparent dielectric:
Dy (n_1y. @)
C

Let us note that changing n — —1 [5] in Eq. (2) gives the
value of Ap, from Eq. (1) and minus sign corresponds to
different directions of Ap, and Ap, .

Formally, the ratio of Egs. (1) and (2) is

ap. __2 ©)
Ap,

Ap, =

n-1’
and it is the value that is important for our following
presentation.

1.2 Classical Doppler Effect on a Moving Interface: Wave

Approach

Let us briefly consider the question concerning the
Doppler effect in refraction-reflection processes on a
moving surface of a transparent medium. At normal
incidence of electromagnetic wave, electric and magnetic
field components of a composite incident-reflected-
refracted field have to be continuous on the moving
interface [6]. If v is a velocity of the interface movement in
the normal direction (v << €), then the Doppler frequency
shifts (DFSh) 6@, or Sev, take place for the reflected or
transmitted-refracted wave accordingly. In doing so:

é'a)lza)t—a)ozi%(n—l)-a)o 4
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where plus corresponds to the increase of the frequency
when the interface moves in the same direction as light does
while movement in the opposite direction results in
reduction of the frequency of the transmitted wave.

As earlier, changing n— —1 in Eq. (4) results in the
DFSh value ow, = @, — @), of the reflected wave. It is
easy to define the ratio of DFSh values d@, and o), :

ow | 2
ow,

g ®)
the latter coinciding with the value from Eq. (3).

To conclude the introduction, let us note that the
experimental measurement of the DFSh ratio gives not only
the refractive index n of the moving dielectric medium but
also the recoilless ratio of the photon impacts (in the limit of
the medium mass M — oo ) during its reflection-refraction
processes on the free-space interface of the transparent
dielectric. Deviations of the DFSh ratio from the proper
value from Eq. (5) may indicate the deviation of nature of
the reflection-refraction processes from the classical one.

2 Classical and Stimulated Doppler Effects and the
Recoil effect on a Moving Interface: Quantum
Approach

It is possible to consider the Doppler effect on a moving
interface from the quantum point of view. The photon-
based refraction process is illustrated schematically in

Figure 1.

-~ . ® -~ . o
ho, p():-h' ?0 pL:h. Tt
(M) ho,
d(M-vI2)

Figure 1 The principal scheme of the photon refraction on a
moving interface. Momentum-energy conservation laws must be
fulfilled. A collinear geometry is not obligatory.

If v is a velocity vector of the moving medium of the
mass M then S(M-v) and S(M-v®/2) are
correspondingly the recoil impact and energy originated at
the photon transition through the interface. The following
momentum-energy conservation laws must be fulfilled:

Po =P +S5(M -V); (6)
h-awy=h-w +5M-v*/2) (7)
where p, and p, are momentums of the incident and
refracted photon, 7i-@, and 7 -, are corresponding
energies. It is naturally to assume:
S(M-vV)=M-6v+Vv-6M ;

2

S(M-v?3/2)=M ~v-5v+v?-5M )

®)
©)

As photons are indivisible light particles, the plus signs
perform rather disjunctive function in Egs. (8) and (9). At
M = const only first summands are kept there and it
results from Egs. (6) and (7) that

ow, =w, —w, =V- 0K, (10)

where 0k, =k, -k, is the wave vector alteration at the
photon transition through the interface. In the recoilless
limit M —>o0 Eq. (8) provides 6v—>0 and Eq. (10)
describes CDE at refraction on a moving transparent
interface. In the case of normal incidence it is easy to derive
Eq. (4) from Eq. (10).

In experiments on laser thermocapillary gas bubble
trapping some resonant absorption is inherent in the liquid
medium [7]. Then the principal scheme in Figure 1 should
be modified to the scheme in Figure 2. Separating two

7

E,

/

\N"‘NT;L(T)/’

C

h'(l)o

o)
C
ho

h
o~
I-f

Figure 2 The principal scheme of the photon refraction on a
moving interface with resonant absorption. Straight blue arrows
correspond to stimulated transitions, while waving blue — to
spontaneous one: f and 1-f are the level populations (in fractions
of a unit) of upper and lower levels

E,

infinite media moving interface is treated as a quantum
two-level surface system. Spontaneous and stimulated
radiative processes are possible here. If Sk =771-5pft is
the wave vector alteration at the stimulated photon
transition through the interface then, as it easy to show by
analogy with [8], the DFSh takes the “stimulated” value
Saxt =nt-v-opft-(1-f)=v-oki-(1-f) (11)

where 1-f has assumed the sense of the fraction of time
the system spends in the lower state [8]. It is the name
“stimulated Doppler effect” (SDE) that is proposed to
describe the DFSh at the presence of stimulated emission
and in accordance with Eq. (11).

Let us return to Egs. (6)-(9). At v = const only second
summands are kept in Egs. (8) and (9). Having substituted
them into Egs. (7) and (6) we get

2

Vv

5a)t=a)t—a)0=%'v'5kt. (13)

In the process a “mass defect” SM becomes a host of
the recoil impact and energy per photon. That is why the
term “recoil effect” (RE) will be used to present the process
outlined by Egs. (12)-(13).
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Quantitatively, the distinctions between the Doppler and
the recoil effects, CDE, SDE and RE, are characterised
completely by Eq. (10), Eq. (11) and Egs. (12), (13). Butin a
qualitative sense an analogy with certain classical
mechanical model seems to be appropriate. Let some
traveller to be jumping from a railroad bridge down onto a
moving railway platform of a large mass M . If friction on
the platform is large enough then the traveller successfully
becomes a stowaway. Such transformation is realized at the
expense of the recoilless transmission of momentum

M -Sv from the platform to the passenger (v — 0 is an

infinitesimal reduction of the platform velocity, but
Vv = const ). To some extent, the described model is
analogous to CDE at photon refraction process on a moving
interface. But if there is no friction on the platform then the
only way for the traveller to become a passenger is
dumping some cargo mass SM from the platform,
“Bolivar cannot carry double”. In this case the velocity v of
the platform remains the same due to lack of interaction
force between the platform and the passenger. Evidently,
such process is analogous to RE.

Generally, all of Egs. (6-10, 12-13) could be repeated
concerning the photon reflection on a moving interface. In
doing so the only required modification is the replacement
of the lower index “t” (transmitted-refracted) by the lower
index “r” (reflected) in Egs. (6-7, 10, 12-13). The question
remains opened concerning a possibility of SDE (Eq. (11)) in
reflection.

3 Experimental Observations of Doppler Effects on
Moving Surface of a Gas Bubble
Thermocapillary Trapped by a Laser Beam

Our foregoing discussion results from the experiments
on laser thermocapillary trapping of a gas bubble in an
absorbing liquid [9]. The He-Ne laser of power about
10 mW was used to trap a gas bubble in an ethanol solution
coloured by brilliant green dye. The simple principal
experimental scheme of the trap was presented in [7, 9]. It is
possible to manage the size of the trapped gas bubble until
it is too large. Movement of reflected and transmitted
interference patterns observed may be treated as a
manifestation of the Doppler effect because of the moving
bubble walls.

The DFSh may be determined at any observation angle
including both near-zero one and specular one by
measuring the time dependences of intensities both in
transmitted and reflected light. Therefore DFSh ratio
defined by Eq. (5) is measurable. The examples of ordinary
intensity dependencies are presented in Figure 3 at initial,
intermediate and final stages of the bubble growth.

Evidently, at the initial stage (Figure 2 (a)) the proper
DEFSh ratio value of approximately 6 is observed. The table
value of the refractive index of ethanol is n=1.360. CDE
takes place at this stage and refraction process is recoilless.

At the final stage of the bubble growth (Figure 2 (c)) the
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Figure 3 The typical time dependences of the intensities (in
arbitrary units) of the light transmitted through an increasing
laser trapped gas bubble at near-zero observation angle (red curve)
and of the light specularly reflected from it (blue curve): (a) at the
initial trapping stage (initial bubble diameter D ~15+20 um);
(b) at the intermediate stage ( D =~ 50 +150 zm); (c) at the final
stage (bubble escapes the trap at D >200 um ). Time axis
numbers are in seconds.

value of DFSh ratio is approximately two times more than
the proper value from Eq. (5) [7, 9, 10], although the ripples
of the reflected signal are not distinguishable enough in the
Figure 2(c). Probably, it indicates a deviation from the
classical recoilless limit, and SDE (at the state of saturated
absorption f —1/2, see Eq. (11)) occurs in the photon
refraction process on the moving bubble walls. There is a
distinctive amplification of the scope of the transmitted
signal oscillations at this stage, and this indicates
contribution of stimulated radiation to the signal. The input
of RE (see Eq. (13)) is possible also at this stage, but more
likely its probability is essentially lower than the same of
SDE.

The intermediate stage of the bubble growth is
characterized by the specific form of a “cowboy hats” in the
time dependence of the transmitted signal. The
intermediate character of the stage provides non-zero
probabilities for both CDE and SDE in photon refraction.
Progressing from the initial stage to the final one increases
SDE probability while diminishing probability of CDE.
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Abstract

As a kind of artificial electromagnetic interface, optical
metasurface performs well in the manipulation and control
of the beam. The inverse design of the characteristic
parameters based on the objective can be applied to the
design of structure through the
combination of artificial intelligence algorithm and
numerical simulation. It presets the structure shape of the
metasurface according to the optimization target,
determines the parameter to be optimized and its value
range, and then selects the appropriate optimization
algorithm for optimization, including genetic algorithm,
gradient descent algorithm, and density penalty algorithm,
etc. According to the objective of optimization, the objective
function is written, and the required parameters are
optimized.

the metasurface

1 Introduction

As a kind of artificial material, metasurface has attracted
much attention due to its flexible optical operation over
subwavelength propagation distance [1-3]. It consists of a
series of planar artificial units arranged and combined in a
specific order. Based on Huygens principle, the artificial
units in different areas of the plane are precisely designed
to obtain the metasurface with various electromagnetic
wave reflection or transmission phase distribution, which
can realize the high efficient control of electromagnetic
wave[4,5].

The traditional design is to accurately predict the
spectral properties and functions of the metasurface by
applying iterative calculation scheme combined with FEM
[6,7] or FDTD[8,9], and then prepare the metasurface
nanostructures according to the model. A set of discrete
elements is obtained by calculating the phase amplitude

variation of the radiation field in the whole parameter space.

For FDTD, the process of TDTD is as follows: the differential
expression in Maxwell's domain field curl equation is
replaced by the finite difference expression, so as to obtain
the finite difference expression of the field components. For
the object under study, we can use the same grid of electrical
parameters for simulation, select a reasonable initial value
of the field and the boundary conditions of the calculation
space for calculating, obtain the numerical solution of
Maxwell's equations with time factor, and obtain the
frequency domain solution in the three-dimensional space
through Fourier transform. The motion law and process of

electromagnetic wave in electromagnetic field are

simulated by computer [10]. However, the calculation and
design process of traditional design methods
complicated and time-consuming. Moreover, the shape of
the designed metasurface is relatively regular, and the
ability to control the beam is also limited.

The main work is to realize the inverse design of the
metasurface by training a deep neural network and realize
beamforming. Unlike most works, which relying on the
training set of known devices, the core idea of this paper is
directly learning the physical relationship between device
geometry and response through electromagnetic
simulations. Then, the trained network will promptly
calculate the requirements of the target and output a
metasurface structure that matches the expected target.

are

2 Method

In the one-dimensional case, the EM wave propagates
along the z-axis, and the medium parameters and field
quantities are independent of x, y, 6/ox=0, 9/éy=0, so
Maxwell's equation[11] is

AT Sy (36)
oz ot

oE oH,

X — Y H

a M O (37)

Sampling of E and H component space nodes in one-
dimensional case is shown in the figure.

P
— ;e u e m e -
H “

Figure 1 Sampling of E and H component space nodes in
one-dimensional case.

The FDTD dispersion of equation (1-2) are
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Among them, CA, CB, CP, CQ are respectively

Em" - inEO\/m (39)
n(n+1) (n+m)!
£(m)_o(m) ,_o(mAt
__At 2 ZE(m)
CA(m) = Smy o) _1+M
At 2 2(m)
At
_ 1 s
CB(m) = T, 5 o
At 2 22(m)
5
Hm) o, (m) g on(MAt ®)
CP(m)= ) _o,(m o, (mAt
at2 2u(m)
_At
N (1)
M =—m L on(M) "~ o, (AL
At 2 2u(m)

where m represents a set of integers or half-integers at the

observation point (x,y, 2.
For functions defined

convolution is defined as

(f*g)[m]= 2 flnlg[m-n]

in the discrete domain,

(40)

In a convolutional neural network[12-15], if the input
size is set as (N,C,,HW) , the output size is
(N,C,. Hoo W,,) , then the mathematical expression of the

convolutional layer is
out(N;,C,,, ) =bias(C,,,)

in?

out;

(41)

Cpd
+) weight(Cy,, k) *input(N; k)

k=0
where input and out represent the input and output data of
the current convolutional layer respectively. Weight and
bias represent the current volume respectively the weight
parameters and bias parameters of the layer.
Ignore the bias, the padding is 1, the size of the
convolution kernel is 3x3 , and the calculation formula of

the output coordinate point (j, j) of the convolution layer is
i+l j+l

out; = > weight ., ..input (42)
m=i-1n=j-1
In the one-dimensional case,
i+l
out, = > weight, ,,input, (43)
m=i-1

We can change the value of W to achieve forward or
backward differentiation. In the one-dimensional case,
when the corresponding parameters of the convolution
kernel are the same as the difference, the difference can be
regarded as a special convolution, and the mathematical
equivalence relationship makes it possible to use the
convolution instead of the difference to implement the
FDTD method. This also provides a theoretical basis for the
neural network to directly learn the physical relationship

between device geometry and response through
electromagnetic simulation during the design of
metasurface.

\

\

\

Output

™~

Input

Figure 2 Convolution operation.

3 Discussion and conclusion

In this work, in the design process of using neural
network to realize metasurface, we realize the inverse
design of metasurface by directly learning the physical
relationship between device geometry and response by
combining electromagnetic simulation, in order to avoid the
preparation of large data sets, to realize the purpose of
beamforming.
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Abstract

An optical model has been developed for analyzing the
coherent transmittance and absorptance of a polymer
dispersed liquid crystal films doped with carbon nanotubes
(CNTs) at uniform normal droplet-polymer interface
anchoring. It is based on the Foldy-Twersky and
anomalous diffraction approximations, Maxwell-Garnett
equations, and the order parameters concept. The model
allows one to analyze the electro-optical response of films
depending on the film thickness, the refractive indices of the
liquid crystal (LC) and the polymer matrix, the size and
concentration of the LC droplets, the concentration of
nanotubes, the conductivities and permittivities of the
CNTs, LC and the polymer. Experimental verification of the
model is performed.

1 Introduction

The polymer-dispersed liquid crystal (PDLC) films [1]
consist of a polymer matrix containing liquid crystal (LC)
droplets, in which the orientation of the LC molecules can
be changed under the electric or magnetic fields. This allows
one to control the optical response of the films. They are
used in displays, optoelectronic, microelectronic, and
telecommunication systems, laser devices, etc. Electrically
or magnetically controlled optical response of PDLC films
is based on light scattering. It does not require the use of
additional polaroids in comparison with the ordinary (bulk)
LC layers.

In recent years, there is an increasing interest in studying
the dielectric and optical properties of composite materials
based on bulk LC and PDLC films doped with carbon
nanotubes (CNTs) [2-5]. This is due to additional
opportunities provided by nanotubes (NTs) to form and
control electro-optical response.

Currently, studies of the electro-optical response of
composite PDLC-CNTs films are mainly experimental [4,5].
As far as we know, there are no theoretical optical models
that allow one to describe and predict electro-optical

response of the PDLC-CNTs films as function of the
component parameters (LC, polymer, NTs).

In this paper, we suggest an electro-optical model for
analyzing the coefficients of coherent (directional, regular)
transmission (coherent transmittance) and absorption
(absorptance) of a PDLC-CNTs film with a homogeneous
normal interface anchoring. To determine the coherent
transmittance of the film, the Foldy-Twersky
approximation is used [6,7]. The optical characteristics of a
single droplet of nematic LC are determined in the
framework of the anomalous diffraction approximation
[1,7] using the effective refractive indices of the droplet [6].
Based on the Maxwell-Garnett equations [8], a method has
been developed to determine the refractive index of the
polymer matrix, the effective refractive index of the LC
droplets, and the threshold field of the reorientation of the
director structure of LC droplets upon doping the PDLC
film with NTs.

A technique has been developed for determining the
volume filling factor of the film with LC droplets, volume
filling factors of the LC droplets and polymer matrix doped
with NTs, depending on the mass fractions of the
components in the PDLC-CNTs composite. The technique
is applicable to singlewall (SWCNTs) and multiwall
(MWCNTSs) carbon nanotubes. Experimental verification of
the developed model was carried out.

2 Theory

Let us consider a PDLC film containing a polydisperse
ensemble of spheroidal LC droplets with rotation symmetry
relatively to small axis directed along the normal to the film.
The anisometry parameter &;, defined as the ratio of the
major axis of the droplet in the film plane to the minor axis
along the normal to the film, is the same for all droplets. In
the framework of the Foldy-Twersky approximation, it is
possible to write the following expressions for the coherent
transmittance Tc and albedo A of a film:

Tc =eXp(— 7ext|)’ ey
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A= Qscat / Qext = Qscat / (Qscat + abs )’ (2)
3c
Vet = 4_d Qext 4 ®)

ef

where vVex is the extinction coefficient of the PDLC film; [ is
the film thickness; Qsat, Qe and Qus are the scattering,
extinction and absorption efficiency factors for single
droplet; ci is the volume filling factor of the film with LC
droplets (ratio of the volume of all droplets to the volume
of film where they are distributed); a. is the effective [7]
length of the minor droplet semiaxis a along the normal to
the film.

Using the anomalous diffraction and effective medium
approximations and based on the results of [6,7], we
obtained:

Q. =4ReK, (Vo). 4
Vo =i2Ka, (m-1), ®)
Qs = 2Ky (Vags) ©6)
v, =2Rev,,, )
k=272/(Am,curs) ®)
M =My, cnrs /mp+CNTs ’ ©)

where Kiis the Hulst function [1],

(@)=L B0 exp() -1
2 v
m is the complex refractive index of LC droplet relative to
the refractive index of polymer matrix; A is the wavelength
of the incident light in vacuum; mascnts and mp+onts are the
effective refractive indices of the LC droplet and polymer
matrix doped with nanotubes. They are determined as

. (10

follows:
My, onts =/ EdsenTs - 11
1
€44eNTs = EmicnTs _éAgLC+CNTSSSd+CNTs(E)' (12)

_ 28 coonr oy T ELcionT |

Emients = 3 , (13)
A& cionts = Elciont ~ ELcsent.L s (14)
My onts = /€ prens - (15)

In Egs. (11)-(15), &#cnts and g+cnts are the complex effective
permittivities droplet and polymer with CNTs; &n+cnts and
AgeLcients are the average value permittivity and dielectric
anisotropy of liquid crystal; eciontsii and ecionts 1 are
permittivities parallel and orthogonal to director of LC; S is
the molecular order parameter of LC [1]; Swcnts(E) is the
order parameter of LC droplets with nanotubes, depending
on the control electric field E.

To find of acwontsil, acentst and g-onts we used the
Maxwell-Garnett approximation:

ELcienTs) = 5|_c,\|(1+ CgNTs (RLC+CNTS,|| _1))' (16)

RLC+CNT5,H = gCNTs,H/SLC,H’ 17)

c _ . 1+0.5(1+ CgNTs)(RLC+CNTs,L _1) , (18)
LT 1t 0.5(1- CgNTs)(RLC+CNTs,L _1)

Ricientst = Ecnrs.t /gLC,L , (19)

R

R -1
- _1+ 4 p+CNTs, L
e ' Roonts 11, (20)
p+CNTs = gp 1+ :
R +CNss, L -1
1- (2/ 3)CcpNTs ? Y
Rp+CNTs,L + 1

&

Roients) = Ecntsy| /5p » Rpontst =€ents 16,7 (21)

where acii and &c are the permittivities of LC; & is the
permittivity of polymer; &nrs11 and &nr1 are  the
permittivities of nanotubes; c’ents and c’ents are the volume
filling factors of the LC droplets and the polymer matrix
with CNTs (characterizing the part of droplets and polymer
matrix volume occupied by CNTs).

For droplets with normal interface anchoring, when a
control field is applied along the normal to the film, using
the results of [8], it is possible to write the following
expression for the droplet order parameter in Eq.(12):

Sasconts (E) =1—exp(-e) - 22)
Here e=E/E. is the dimensionless normalized value of the
control field: E. is the critical value of the control field [9-11].

3 Results

To compare the results obtained in the framework of the
developed model with the measurement data, we used the
experimental dependences of the normalized transmittance
Terorm TefTomax  (Temex is maximum transmittance) on the
control field E.

The measurements were carried out for PDLC films
based on E7 LC and PMMA polymer without NTs and
upon doping with NTs. The samples were illuminated
along the normal to the film surface by a He-Ne laser at the
wavelength 4=0.6328 pm. In the absence of NTs, ordinary
n1 and extraordinary nii refractive indices of the LC are
equal to: n1=1.52, and n1=1.745, the refractive index of the
polymer n,=1.503. The filling factor of the PDLC film
c+=0.435. Films thickness =50 pm. The average radius of
droplets in the plane of the samples is (2)=1.07 um; effective
droplet size ,=2.34 pm. The experimental and theoretical
dependences of Tco"(E) are presented in Figure 1. The
following parameters were used in the calculation: the
volume filling factor of the film with nanotubes ccnr=0.03
(c?ent=0.011, crent=0.019); the electrical conductivities of LC
011=5.7x10%® S/m and o1=2.6x10-¥ S/m. The calculations were
carried out for different values of the electrical
conductivities op of the polymer matrix with and without
nanotubes. One can see a good agreement of the theoretical
and experimental results at variation of the model
parameters in both cases.
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Figure 1 Theoretical and experimental dependences of the
normalized transmittance T (E) for the PDLC film (top) and
PDLC-CNTs film (bottom) at different values of the electrical
conductivities op of the polymer matrix

4 Conclusions

In the present work a model for describing the electro-
optical response of PDLC-CNT films is developed. The
model is validated by comparison with experiment.

Pay attention that the theory is developed for the films
with a uniform normal interface anchoring. Such films are
characterized by a polarization-independent coherent
transmittance at normal illumination, when the control
electric field is directed normally to the film. They are
promising for applications in optoelectronic devices where
modulation of light is required without changing its
polarization state and to modulate the unpolarized light.
The model can be extended to PDLC-CNT films with
polarization-dependent tangential interface anchoring and
the PDLC films doped with other nanoparticles: gold,
ferroelectrig, silica, etc.
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Abstract

In this work we demonstrate success of an innovative
approach to lithographic recording of high-resolution 3D
structures from the volume of hybrid inorganic/photoresist
systems by activating up-conversion luminescence in Yb%*
and Tm* nanoparticles doped into a negative photoresist
SUS8. That is highly perspective for the fabrication of various
types of microstructures from such hybrid systems as
organic-chromophores/UCNPs/SU8, without damaging
light sensitive organic compound, demanded in photonic
applications.

Keywords: lithography, SU-8 photoresist, hybrid
systems, guest-host system, UCNP, luminescence, up-
conversion, microstructures.

1 Introduction

In nowadays, great attention has been attracted to the
up-conversion nano-particles (UCNPs). One of the greatest
advantages and at the same time unique properties of
UCNPs are anti-Stokes's shift luminescence, meanwhile all
conventional luminescent materials have down-conversion
luminescence. Another important advantage of them is well
controlled solution chemical synthesis process where
through several modifications can be designed and changed
core/shell structured UCNP's active light emitting core or
comparably passive - shell dopant ions or they
concentration, as well as size and form of all UCNP's.

At the present time perspective, but not as widely
investigated application for up-conversion luminescence
emitting nanoparticles is photolithography. In traditional
photolithography exposure are made through the surface,
mostly, by i-line UV radiation, which is limited by the
thickness of photo sensitive layer. In thick samples most of
the radiation is absorbed in the upper layers, which results
in unexposed deeper layers, turning to strong distortion
(partial) or fully washing off all recorded structures upon
development process. More over, traditional i-line
photolithography is not the effectivnes for negative tone
photoresists as SUS, since appropriates to the range of its
absorption spectrum decay (~20-30%). This problem can be
solved in case when light emitting sources are placed into

photoresist thus ensures uniform absorption of required
blue or UV-light in all volume of exposed structure. It can
be achieved by doping the photoresist with light sources,
such as inorganic nanoparticles [1], which emitts light
(luminescence) in appropriate spectral region after
excitation with external energy source (laser).

Here luminescence is excited with the wavelength at
which the photoresist is transparent, meanwhile, by nano-
particles emitted light will be absorbed by photoresist and
behaves in similar as blue or UV light. In practis, it can be
done by mixing photoresist with nanoparticles activated
with rare-earth ions, in which up-conversion luminescence
occurs. Up-conversion luminescence is one of the Anti-
Stokes process, which can be excited in inorganic
nanoparticles prepared in a special way. It occures when
UV and visible luminescence is excited with the absorption
of multiple infrared (IR) photons [2].

The photoresist and organic compounds are transparent
for infrared light; therefore, it is possible to guide the
excitation light into the volume of the photoresist. It means,
that in perspective similarly, up-conversion luminescence
could be used to expose a photoresist mixed with organic
chromophores. Overcoming the biggest problem, total
degradation of organic chromophores upon traditional i-
line UV radiation due to high absorption of it. That allows
to create systems containing organic chromophores for
possible application in medicine, telecommunications and
other technologies demanded light emitting micro-
structure creation.

In this work system of SU8 photoresist mixed with up-
converting nanoparticles were created. Our made method
demonstrates an innovative approach for recording high-
resoluted three-dimensional structures in a negative
photoresists as SU8 by tunable through the synthesis
process up-conversion luminescence of the Yb3+ and Tm3+
activated in incorporated core/shell (C/S)-structured
nanoparticle as an alternative of an traditional optical
lithography. We show that it is possible to create optical
writing in systems volume, by exciting nanoparticles with a
975 nm laser diode, by achieving high resolution, uniformly
thick 100x500 um microstructures with a good
appropriance to the focused structure dimensions, at less
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then 5 min longed exposure in samples with 20-15%wt of
UCNPs in SUS.

1.1 Synthesis and characterization of Yb* and Tm?3*
core/shell structured nanoparticle)

The investigated nanoparticles with a hexagonal (d =30-
50 nm) core/shell structure were synthesized by thermolysis
method in two-day long process. To perform the work, the
nanoparticle synthesis setup was created: a three-necked
flask, which is placed in a magnetic heater. For the synthesis
process to be successful, most of the synthesis must take
place under an argon atmosphere (three vacuum and argon
The shell and core
nanocrystals are made at the same time in different flasks

aeration cycles are performed).

and have the same synthesis procedures. From Yttrium
oxide is made shell nanocrystals while core nanocrystals are
made from Yttrium (Y), Ytterbium (Yb) and Thulium (Tm)
oxides (concentration: Y — 74.7%, Yb — 25%, Tm — 0.3%). At
the last stage is added 40 ml of Chloroform and centrifuged
for 10 minutes, then prepared solution is poured in storage
containers:

1.2 Sample preparation

All samples were made as host-guest systems, by adding
guests — UC nano-particles - consisting CHCls solution into
photoactive host - 400 - 500 nm thin film layer providing
solution of dissolved in chloroform SU-8 GM1075 epoxy-
based negative type photoresist matrix. Photoactive thin
film samples were made from solution by spin-coating
method on BK7 glass substrates, precleand with oxigen
plasma by Plasma Asher Tepla setup. Keeping constant
volume ratio of system compounds to solvent, varying
concentration ratios of UCPN in SU8 were made series of
the samples with UCPN concentration 10, 15, 20, 25, 30, 40,
50 wt%.

1.3 Up-conversion luminescence based lithographic
record
Up-conversion based lithographic
recording were made by the self-made system see Figure 1.

E B
oL .

Figure 1 Self-made optical system for up-conversion
luminescence based lithographic recording

luminescence

UC luminescence excitation were made at 975 nm by
Thorlabs L.975P1W] CW laser diode mounted on TCLDM9
- TE-Cooled Mount from Thorlabs was used (LD). Laser
diode beam was focused on the sample surface 100x500 pm
area using anamorphic prism pairs (Thorlabs N-SF11
Mounted Prism Pair, ARC: 650 - 1050 nm, Mag: 4.0) and
objective lens (OL) (Thorlabs High-Power MicroSpot

Focusing Objective, 5X, 980 - 1130 nm, NA = 0.13). Laser
power was set to 700 mW. Exposition times were set to 5,
10, 15 and 25 minutes. As the beam passes through a pair of
prisms (APP), it changes from an ellipse to a rectangular-
circular profile.

Figure 2 Optical image of recorded structures in sample with
15wt% of nanoparticles in SUS8 (exposed ~10 min , ~ 450 nm
thickness). Obtained by high-resolution optical microscope
Nikon ECLIPSE L150 at x50 zoom.

2 Conclusions

Our made method is an alternative of an traditionnal
optical litography. It is an innovative approach for
recording high-resoluted three-dimensional structures in a
negative photoresists SU8 by up-conversion luminescence
of the Yb3+ and Tm3+ activated in incorporated core/shell
(C/S)-structured nanoparticle.

We proved that it is possible to create optical writing in
systems volume, by exciting nanoparticles with a 975 nm
laser diode, by achieving high resolution, uniformly thick
100x500 pm microstructures with a close apropriance to the
focused structure dimensions, at 5-10 min longed exposure
in samples with 20-15%wt of UCNPs in SUS see Figure. 2.
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Abstract

Long-term remote sensing of the atmospheric aerosol is
crucial for climate studies. Biomass burning aerosol is of
special importance, as it scatters and absorbs solar
radiation, whereby the latter leads to local warming of the
atmosphere. In this study, a comparative analyses of
particle optical properties of biomass burning aerosol, as
derived from the vertical lidar profiles within the
troposphere, is discussed. The profiling was done with the
multi-wavelength, double field-of-view, Raman-Mie,
polarization, and water vapor Lidar. The selected cases
represent different-origin episodes of biomass burning
aerosol advection over Warsaw.

1 Introduction

Small particles suspended in the atmosphere, called
atmospheric aerosol, play an important role in the Earth’s
climate system due to their interactions with the solar
radiation: aerosol particles scatter and/or absorb solar light,
dependent on its wavelength. Scattering leads to the cooling
of the atmosphere, whereas absorption causes heating of the
atmosphere at a layer at which absorbing aerosol are
present. Therefore, studies of absorbing aerosol are so
important for the climate change modelling [1].

The crucial aerosol component that is absorbing solar
radiation constitute black carbon. It can be released into the
atmosphere by the combustion processes of fossil and bio
fuels, that among others, can originate from wildfires of
natural ecosystems or agriculture areas. Additionally to the
black carbon, biomass burning aerosol (BBA) consist of
organic carbon and inorganic particles [2]. Emission of the
BBA during the episodes of forest or grassland fires is huge,
can last long-time, and results in release of large amounts of
heat. The released heat causes deep convection, which can
uplift the aerosol (even up to the stratosphere) and
redistribute over long-distances from the place of BBA
origin [3]. After the emission, the BBA is subject to the
intense ageing processes, which causes changes of its
optical and microphysical properties. Consequently, that

makes the BBA influence on the Earth's radiation budget
significant.

In this study a few particular events of long-range BBA
transport over the Warsaw are analysed, whereby the
episodes represent different places of aerosol origin and
different aerosol age.

2 Methodology

Advanced lidar systems are very convenient tools for
atmospheric aerosol studies, as they can provide vertical
profiles of optical properties of the atmosphere. Advanced
lidars can detect the laser light scattered elastically
backwards on the aerosol particles, but also using the
Raman scattering on the atmospheric nitrogen molecules.
Thus, they can provide independent profiles of the aerosol
particle extinction and backscattering coefficients.
Information of the particles shape (spherical or aspherical)
is provided by the detection channels measuring the cross-
and parallel-polarization of the emitted linearly polarized
laser light changed by aerosol particle. Using the data-
products derived from lidar at several wavelengths, lidar
provides the data set sufficient to be used as an input for the
mathematical inversion algorithms [4], which allow to
obtain microphysical aerosol properties such as: particle
effective radius, particle refractive index, number, surface,
and volume concentrations, and single scattering albedo.
The latter can be directly used for the estimation of the
radiative forcing due to aerosol [5].

2.1 Instrument

The modern 12-wavelength PollyXT lidar system [6]
operates in the Remote Sensing Laboratory (RS-Lab) at the
Institute of Geophysics, Faculty of Physics, University of
Warsaw since July 2013. The system was build with the
scientific cooperation with the Leibniz Institute for
Tropospheric Research (TROPOS). The system provides the
quasi-continuous vertical lidar measurements with the
emitted Nd:Yag laser light at 355, 532, and 1064 nm.
Backscattered light is collected by two Newtonian-type
telescopes (narrow and wide field of view) and is divided
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into 8 detection channels for the far-range (0.6 -15 km) and
into 4 detection channels for the near-range (0.12 — 3.5 km),
respectively. Combination of two telescopes minimizes the
effect of incomplete overlap of the laser beam and the
narrow telescope field of view. The far-range channels are
355, 532, 1064 nm elastic; 355, 532 nm cross-polarized; 387,
607 nm Raman-shifted on N2 and 407 nm Raman-shifted on
H2O to provide profiles of water vapour mixing ratio. The
near-range channels are 355, 532, 387, and 607 nm. Signals
are detected with photomultipliers (in photon counting
mode) with raw resolution of 30 s and 7.5 m.

The lidar operates within the European Aerosol Lidar
Network EARLINET [7], the worldwide network of PollyXT
lidars - PollyNET [8] and the Polish Aerosol Research
Network PolandAOD [9].

2.2 Data evaluation

The particle optical properties profiles: particle
backscatter coefficients () at 3 wavelengths and particle
extinction coefficients (a) at 2 wavelengths were derived
using the classical Raman approach, according to the
evaluation scheme given in [10]. The profiles of linear
depolarization ratios (0) at 2 wavelengths were derived
with the +45° calibration method [6]. The water vapour
mixing ratio (wv) was calculated as given in [11].

The lidar ratio was calculated as LRa=o/Pa at particular
wavelength; this parameter is useful for aerosol type
identification. Angstrom exponent (related to extinction)
was calculated as AEsssss2 = -In(osss/ as32)/In(355/532).

The analysis was supported by the data products of the
MODIS measurements onboard satellite and the model
output backward trajectories runs with HYSPLIT [12] to
assess and better specify the aerosol place of origin

(Figure 1).

3 Results

Four episodes of BBA advection over Warsaw were
chosen for comparative study (Figure 1):

a) long-range transport of the smoke from Canadian
forest fires on 9t July 2013 [13];

b) fast transport of the BBA from wildfires in Ukraine
driven by the clean Arctic air-mass on 19" March 2015;

¢) advection during the heat wave on 10% August 2015
from the southern Ukraine through Southern and Central
Europe;

d) advection of the aged BBA from the Iberian Peninsula
through southern edge of Western Europe on 1% September
2018.

The lidar ratios for analyzed cases are in the range of 35-
100 sr, whereby the lowest and the highest one was for 355
nm (Table 1). In the cases of Ukrainian BBA sources, the LRs
are high (68-100 sr) and the values for 355 nm are higher
than the ones for 532 nm. The relation of LRsss>LRs3
indicates stronger absorption of short waves. The opposite
relation was observed for the case of long-range transport

of smoke from Canadian forest fires and from the Iberian
Peninsula with lower LR values (35 sr at 355 and 67 sr at 532
nm). The relation of LRsss<LRs3 is often observed for the
aged BBA [14], as the ageing processes lead to the increase
of the particles size.

The extinction related Angstrém exponent had the
lowest value of 0.64 for the Iberian fires, higher of 0.97 for
the Canadian fires and the highest of 1.62-1.71 in the
Ukrainian cases. This values confirm hypothesis of larger
particles in the aged BBA, as low values of AE indicate
larger particles size.

The particle linear depolarization ratio was in the range
of 1.2-8.3 %. Higher values were obtained at 532 nm for all
cases. The values of 5.4 % (355 nm) and 8.3 % (532 nm) (the
highest ones) were observed for the case of the fast aerosol
transport in the Arctic air-mass. Such high depolarization
can be related to the very dry condition of the Arctic air
(relative humidity data not shown here for brevity) and to
the short time after aerosol emission. Small values up to 3 %
were observed on 10t August 2015 and 1% September 2018
and can be attributed to high relative humidity. For the
Canadian fires, the depolarization was relatively low of 3.3-
3.5 % and almost equal for both wavelengths.

Altitudes of backward trajectories ending over Warsaw on the particular day Fire data for the periods:

532013 01 UTC_|
—— 19 Mar 2015 00 UTC |
10 Aug 2015 02 uTC|

1 Sep 2018 23 UTC |

30.06 - 09.07.2013

¥ 12-21.03.2015

Altitude [km]

. 30.07 - 08.08.2015
21 - 30.08.2018

0 0 0 7 s B O 3 ] i o
Days before reaching Warsaw

Figure 1 The HYSPLIT backward trajectories on episodes of
BBA advection to Warsaw chosen for comparative study and
corresponding active fire data from the MODIS satellite sensor.

9 Jul 19 Mar 10 Aug 1 Sep

2013 2015 2015 2018

blue pink red green
LRsss [sr] 43 100 86 35
LRs3 [sr] 61 71 68 67
AEss553 [-] 0.97 1.71 1.62 0.64
Opartsss [ %] 3.3 54 14 1.2
Opartszz [ %] 3.5 8.3 3 1.7

Table 1 Mean lidar-derived properties of BBA in four
episodes of advection to Warsaw.

4 Conclusion

Quasi-continuous lidar measurements of atmospheric
aerosol performed in the RS-Lab allow to observe episodes
of biomass burning aerosol advection of different origin and
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time of transport in the atmosphere. The presented
comparative study of four cases show, that the aged aerosol
originating from Canada and the Iberian Peninsula differ
significantly from the ones from Ukrainian sources: the
lidar ratios were lower and the relation of LRs was reversed,
Angstrom exponent and the depolarization ratios were
relatively low for the aged aerosols.

The data obtained in the analysis of biomass burning
aerosol over Warsaw will be used for the inversion of
microphysical aerosol parameters for selected cases.
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Abstract

Angular light scattering by aerosol particles, including
complex particles such as fractal aggregates, can give access
to the size and morphology through an in-situ approach. For
this purpose, the angular scattering signal must be
processed by a theory that provides a structure factor,
which takes into account particle shape. Such a function is
accurately determined for X-rays or for transparent objects
in the visible range since the assumption of no internal
coupling is fairly well respected. However, for some
materials such as fractal soot aggregates, the internal
coupling is suspected to modify the morphological and size
dependence of the structure factor. The objective of this
work is to understand and quantify such a deviation from
the internal electric field analysis using a phasor approach.

1 Context and motivations

Aerosols such as soot become a matter of concern in our
daily life. Due to their impact on human health but also on
global warming, their characterization is of extremely high
relevance. Angular light scattering is a technique that
enables the in-situ characterization of such particles in terms
of size (radius of gyrationR,) as well as in terms of
morphology (fractal dimension D¢) for fractal aggregates.
For nano-aerosols, the Rayleigh-Debye-Gans (RDG)
approximation for fractal aggregates (FA) is frequently
used essentially due to its simplicity since it provides a
simple analytical expression of the angular scattering
pattern  (called structure factor). However, this
approximation implies two strong assumptions. First, the
monomers composing the aggregate behave as Rayleigh
spheres, ie., they are small enough compared to the
wavelength and transparent enough to make the phase shift
negligible. Second, it is supposed that there is no
electromagnetic coupling between the monomers, i.e., each
one sees only the incident light and not the light scattered
by its neighbors. As explained by Sorensen [1] when
internal coupling is neglected, it is possible to link
mathematically the structure factor to the particle pair-
correlation by a simple Fourier transform.

Nevertheless, as shown by Yon et al. [2], in certain cases,
as for Diesel soot particles, this approach can lead to errors
up to 45% on the predicted forward scattering by RDG-FA

and could alter the determination of the fractal dimension
by a factor up to 10% since the slope in the power-law
regime (large qRy ) can be affected (see Fig. 1). Conversely,
the same authors concluded that the impact on the optical
determination of radius of gyration is limited.

01 |

0.001

Figure 3: Comparison between rigorous calculations
(DDSCAT, black dots) of aggregate structure factor f and
prediction by RDG-FA theory (solid red lines) at A=266 nm.

In a recent study [3], we have shown how the non-
uniformity of the internal electric field affects the forward
scattering using a phasor approach. The aim of the present
study is to extend the phasor approach to understand how
internal coupling affects the structure factor, in particular
at large angles and especially at 180° as a better evaluation
of the backscattering using the RDGFA is essential for
lidar applications measuring smoke and soot plumes.

2 Phasor approach of the structure factor

According to [1], in respect of the RDG hypothesis, the
scattered light at angle @ is proportional to the structure
factor defined as

_ T Y expliq. (r; — ;)] )
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where i denotes all the volume elements composing the
aggregate and q = k; — K is the scattered wave vector
which depends on # and on the wavelength A. This
expression is valid if the internal electric field is uniform.
The non-uniformity generated by internal coupling can be
quantified by a complex number called phasor which is
proportional to the local internal electric field [4]:

m?+2
3E,

z,;(®) = E;,flit (r)) exp(—ikx;) 2

In this equation, E ;,“lt is the y-component of the local internal
electric field and X is the direction of propagation of the
light, m is the complex refractive index, Eo the amplitude of
the incoming electric field and k the wavenumber. The
phasor can be seen as the wavelet scattered by a volume
element to the detector for a vertical polarization (along y)
of the incident and the scattered light “vv”.

By developing the Volume Integral Equation based on
the phasor formalism, one can express the structure factor
according to the spatial distribution of the phasor (Ceolato
and Berg [5] did it for backscattering). Here we retain the
Eulerian expression of the phasor z, = Aexp(®) to show
that the classical expression of the structure factor Eq.(1) is
finally decomposed into two terms when internal coupling

is considered Eq.(2):

fic = fy — f; with

TV EY A cos(@; — @;) cos[q. (1 — 1;)]
— J J J j (3)
Z{V ZyALA] COS(CDL' - q)])

fr

TNEN A cos(D; — D)

fi

Without internal coupling (A = 1 and @ = 0), the first term
corresponds to Eq.(1) and becomes purely morphology-
dependent. This term is noted f; because it remains when
phasors are purely real. In turns, without internal coupling,
the second term is null. It becomes non-null only if ¢ # 0
and varies in space, justifying the subscript “i” for
“imaginary”. It is therefore interesting to observe that the
contribution tends to reduce the amplitude of the structure
factor.

3 Numerical setup

All the presented results correspond to monodisperse
DLCA aggregates composed of N, = 284 monomers with
a radius R, = 15 nm, a fractal dimension D = 1.78 and a
fractal prefactor k¢ = 1.44. DDSCAT is used to compute the
internal electric field over 500 orientations of the aggregates
relatively to the incoming light source. While Figs. 5 and 6
correspond to a fixed random orientation of the aggregate,
the remaining figures correspond to cases where the
phasors are averaged over the considered orientations. The
wavelength is set to A1=266 nm because lower

wavelengths favor multiple scattering effects. The impact of
the refractive index is evaluated by considering m = 1.1 +
i0.01, m =1.1+i0.4, m = 1.1 + i0.8 to study the effect of
increasing Im{m} and m = 1.1 +i0.8, m = 1.54i0.8, m =
1.9 +i0.8 to study the effect of increasing Re{m}.

4 Results

4.1 Structure factor contributions

Fig. 2 first validates the proposed methodology by
comparing the structure factor directly provided by
DDSCAT with the one reprocessed by the phasor approach
fic- Indeed, both curves are perfectly superimposed.
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10 DDSCAT

g
Q
£ 10!
Q
£
wn

102

107! 10° 10!
qRy

Figure 4: Comparison between DDSCAT calculation (circle
marker) of aggregate structure factor and Egs. (1) (solid line)
and (3) (dashed line) form = 1.1 +i0.8

This figure also reports the purely morphologically
dependent structure factor f obtained by imposing the
phasor to be 1 (A = 1 and @ = 0 in Eq.(2)). It appears that
the inclusion of an internal coupling globally decreases the
angular scattering amplitude, in particular at large
scattering angles (large g). Moreover, since the fractal
dimension is evaluated as the opposite of the slope in the
power-law regime, it seems that internal coupling can
provoke an over-estimation of the optically determined
fractal dimension as previously suggested [2].

To better understand this phenomenon, let's study the
relative departure of f. and f; to f. Fig. 3 shows the ratio
f/f in the upper plot and f;/f in the bottom plot for three
different indices, m = 1.1 + i0.01 (in green dash dot line),
m = 1.1+ i0.4 (in orange dot line) and m = 1.1 4+ i0.8 (in
blue dashed line).

First, we observe that f;/f (qRg = 0) = 0. This explained
by the term sin[q. (ri - r])] which tends toward zero at
small angles (see Eq.(3)). This term never exceeds 5% of
deviation for the range of investigated qR, and optical
indices. At small scattering angles (Guinier Regime) f,/f is
close to 1. It is the reason why the gyration radius
measurement is not so affected by internal coupling as
already observed [2].
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Figure 3: Deviation of f,. and f; with respect to f for
m=1.1+i0.01 (in green dash dot line), m=1.1+i0.4 (in orange
dot line) and m=1.1+i0.8 (in blue dashed line).

Still, both terms play a role in the deviations at larger
scattering angles. Indeed, f; can reach 10% of deviation
whereas f;/f can be twice. Because fic=f,—fi, the
maximum deviation for this aggregate can reach almost
30% at 180° showing the importance of internal multiple
scattering for backward measurements as used for LIDAR.
Note that, depending on the morphology of the aggregate
the maximum deviation is not necessarily at 180°.
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Figure 4: Deviation of f_IC with respect to f for m=1.9+i0.8
(in green dash dot line), m=1.5+i0.8 (in orange dot line) and
m=1.1+10.8 (in blue dashed line).

We also observe the role played by the imaginary part of
the optical index. Indeed, the higher Im{m} is, the more the
deviation is important. In comparison, Fig. 4 shows the
impact of the real part of the optical index (m = 1.1 +i0.8,
m=15+1i0.8andm = 1.9 +i0.8).

It seems that the impact of the real part of the optical
index is less important than the one induced by changing
Im{m} as the three curves are similar. From this observation,
we conclude that Im{m} have a predominant impact on the
structure factor

. m=1.14+i0.8
20 i m=1.14+i0.4
——= m=1.14i0.01
15
10
[N
5 i
1.1
N
0,
05 0.0 0.5 1.0
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Figure 5: Probability density of the phase of the phasors for a
fixed orientation of the aggregate for m=1.1+i0.01 (in green dash
dot line), m=1.1+i0.4 (in orange dot line) and m=1.1+i0.8 (in
blue dashed line).

4.2 Physical interpretation

According to Eq.(3) f; and f; are driven by the phasor
amplitude A and its phase ®. Fig. 5 reports the probability
density of the phasors’s phase ® for a fixed orientation of
the aggregate.

Indeed, this figure highlights an increase of the phase
dispersion when Im{mj} is increased. Therefore, the more
the phase dispersion is important the more cos(®; — ®;)
will be weak, and inversely, the more sin(®; — ®;) will
increase.

This explains the relative deviations of f. and f; .
Absorbing materials favor internal trapping which
increases the phase shift as the light propagates through the
particle [3]. This provokes a dispersion of the phase at the
origin of the deviation of the structure factor to the purely
morphologically predicted one.

Similarly, Fig. 6 shows the probability density of the
phasor amplitudes. It can be seen that the product A;A; will
decrease with Im{m} as the average of A decreases due to
absorption phenomena. As the amplitude decreases and the
phase shift increases f;. will weaken with Im{m}, whereas f;
will increase. Nevertheless, as f; varies in sin(®; — ®;) we
can possibly encounter a case where the phase dispersion
grows faster than the amplitude decreases, therefore, in
such case f; will not be necessary higher with Im{m}.

Without phase dispersion, f; would be equal to zero
whatever the amplitude value is and f; will almost overlap
with f. Therefore, we can imagine cases where the indices
created strong local amplitudes of the internal electric field,
called “hot spots” without causing important trapping
(decrease in amplitude and increase in phase along the
direction of light propagation). In that case, forward
scattering would be moderately affected but structure
factor. Still, strongly absorbing material will promote
internal trapping which alter significantly the structure
factor, especially at large scattering angles.
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Figure 6: Probability density of the amplitude of the phasors
for a fixed orientation of the aggregate for m=1.1+i0.01 (in
green dash dot line), m=1.1+i0.4 (in orange dot line) and
m=1.1+i0.8 (in blue dashed line).

5 Perspectives

The phasor analysis of the structure factor enables a
decomposition of the structure factor into two distinct terms
driven by the amplitude and phase dispersion of the
internal electric field. This decomposition allows for the
understanding of the impact of the internal multiple
scattering on the angular light scattering pattern. This work
has to be pursued in order to investigate the role played by
fractal dimension and more complex morphologies
(primary spheres polydispersion, overlapping, necking,
coating...).
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Abstract

Dust particles are a major type of aerosol in the Earth’s
atmosphere. Accurate modelling of dust particle optical
properties can reduce the uncertainties in inferring dust
particle radiative and microphysical properties from remote
sensing observations. It is
nonspherical shapes to represent all dust particles. In this

critical to use suitable

study, we introduce a possible surrogate dust shape called
the first-generation fractal triangular bipyramid. In
particular, we compare the optical properties of the first-
generation fractal triangular bipyramid ensemble with
those based on the original triangular bipyramid ensemble.

1 Introduction

We calculate the single-scattering properties of the
original triangular bipyramid shaped dust ensemble
displayed in Figure. 1.

H_J
w
H/W =1

Figure 1 The original triangular bipyramid — shaped dust
particle with an aspect ratio of 1.

The motiviation of the present simulation is to explore if
the original triangular bipyramid-shaped dust particle is a
possible surrogate for dust particles in the atmosphere.

1.1 Methodology

In this study, we used a combination of the invariant
imbedding T-matrix method (IITM) for small-sized
particles and the physical geometric optics method (PGOM)
for moderate to large-sized particles. A previous study has
shown that a combination of II'TM and PGOM is useful in
calculating the optical properties of nonspherical particles
[1]. Then, we compare our results with laboratory
measurements obtained by the Granada-Amsterdam Light

Scattering Database, sphere ensemble, and prolate spheroid
ensemble with an aspect ratio of 1.7.

1.2 Experimental Setup

For our preliminary study, we are interested in
computing the phase matrix elements Pn, -Pw/Pu and
P»/Pu. Note that Pu, and -P2/Pu describe the angular
variations of the scattered intensity and the degree of linear
polarization, whereas Pz/Pu is an indicator of degree of
particle nonsphericity. Another note to consider is the
accuracy of the degree of linear polarization and scattered
intensity is very important in radiative transfer simulations.
We will use Feldspar measurement data as our reference.
Feldspar measurement data has the following parameters
listed in Table. 1.

Refractive Index’ 1.5+0.001:

Wavelength 0.6328 microns

Effective Particle Size 1.0 microns

Variance 1.0

Particle Size Range 0.075858 -  12.882
microns

Table 1 Feldspar size distribution information from the
Granada-Amsterdam Light Scattering Database

Note that the refractive index is based on the optimal
value, not reference values because the reference values
does not consider spectral dependence [3]. The size
distribution is assumed to be the lognormal distribution
based on [4]. The particle size parameter of the
measurements, diamond, spheroid, and sphere ensembles
is determined based on the equivalent projected-area
sphere. Note that, for the Feldspar measurement data, we
do not know the scattered intensity in the near forward and
backward scattering directions. As a result, we must
calculate the relative phase matrix element P11/P11(30°)
instead of Pu.

2 Preliminary Results and Discussions

Based on Figure. 2, the original triangular bipyramid
denoted as diamond ensemble and spheroid ensembles are
more accurate than spheres in capturing the features of
Pu/Pu(30°), -Piz/Pu, and Pz=/Pu. In particular, the
backscattering direction of the sphere ensemble. Compared
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to the sphere and spheroid ensembles, the original
triangular bipyramid ensemble in the side scattering
direction best estimates the degree of linear polarization. As
for P22/P1, the spheroid and triangular bipyramid ensemble
and measurements have the same pattern even though they
overestimate P22/P1. This indicates that the sphericity index
might be higher than measurements.
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Figure 2 This figure illustrates P11/P11(30°), -P12/ P11, and
P2/Pu phase matrix elements of the sphere, spheroid, original
triangular bipyramid ensembles, and Feldspar measurements.

Based on the preliminary results, we will consider
modifying the original triangular bipyramid by adding in
first generation fractals to make the triangular bipyramid
shape more irregular using the technique described in [5].
Furthermore, we will test the modified triangular
bipyramid shape with the fractals added to see if it will
batter match the phase matrix elements of the measured
data. Our hope is that the adding in first-generation fractal
to the original triangular bipyramid shape will better match
the measurement data.
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Abstract

A new ice particle single-scattering database based
on a Two Habit Model (THM) is developed to accurately
retrieve ice cloud properties using lidar-based radiative
transfer simulations. For moderate and large particle sizes,
the approximate computational method known as the
Improved Geometric Optics Method (IGOM) is used. A
more accurate (particularly for backscattering computation)
method known as the Physical Geometric Optics Method
(PGOM) is used to calculate the phase matrix in
backscattering directions. The backscattering properties of
the single-scattering database are paramount for the
accurate retrieval of ice cloud properties using lidar-based
methods. Lidar ratio (LR) values are calculated using the
bulk properties of the database. The integrated attenuated
backscatter (IAB) values are calculated analytically from the
LRs and various ice cloud optical thicknesses (ICOTs) that
represent theoretical ice clouds. The calculated LRs and
IABs of the new THM and a previous THM are compared
to Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) LRs and IABs and CloudSat ice cloud optical
depths (ICOTs). The results show that the LR and IAB
values of the new THM database are significantly more
consistent with observational data due to the PGOM-
enhanced phase function backscattering which will lead to
more accurate lidar-based retrievals if the new database is
used. In addition, a smooth, hexagonal column is added to
the new THM as a fraction of the “simple” habit to further
improve consistency with the CALIOP data.

1 Introduction

Ice clouds cover about 20% of the Earth and thus
influence both the climate system radiation budget and
large-scale atmospheric circulations [1,2,3]. Ice clouds,
however, are also the one of the least understood
atmospheric parameters in remote sensing and radiative
transfer calculations due to wuncertainties in their
microphysical and optical properties such as ice particle
effective radius (Refs) and ice cloud optical thickness
(ICOT). Accurate estimation of Reff and ICOT are important
in understanding of the radiative effects that ice clouds have
on the atmosphere [4,5] as they could even switch between
having a net cooling or warming radiative effect on the
atmosphere [2]. These properties can even be used to infer
other microphysical and optical properties. For example,

the product of Reff and ICOT is proportional to the ice water
path IWP).

Observations from remote sensing satellites are
commonly used to infer ice cloud properties. Active-sensor,
lidar observations provide ample information for retrieving
ice cloud microphysical and optical properties [6,7]. Lidar
signals for cloudy scenes are determined by the bulk
backscattering properties of cloud particles. Commonly
used lidar measurements are the lidar ratio (LR) and
integrated attenuated backscatter (IAB). LR is physically
defined as the ratio of the volume extinction coefficient to
the volume backscatter coefficient, and is inversely
proportional to the ice particle bulk phase function 180°
backscattering direction. IAB is the integration of
backscattered light after attenuation through a cloud layer,
and is inversely proportional to LR. IAB is also closely
related to ICOT which allows for the derivation of ICOT
from IAB measurements [7,8] if the ice cloud is optically
thin (ICOT < 4).

Since the LR is dependent on the 180° backscattering
phase function of the ice particles comprising the ice clouds,
developing an accurate ice particle optical property
database is paramount in retrieving accurate ice cloud
properties from lidar-based radiative transfer simulators.
Ice particle optical property databases help to describe the
microphysical and optical properties of ice clouds.
Currently, most ice particle optical property databases are
developed using the Invariant Imbedding T-Matrix Method
(IITM) and/or IGOM [3,5,9]. The IITM is an exact method
primarily used for small size parameters [10,11] and IGOM
is an approximate method used for moderate and large size
parameters [12,13]. Despite IGOM being a fairly accurate
numerical method and computationally efficient, it has
been shown to underestimate phase function backscattering
[14] which is critical for accurate lidar-based retrievals of ice
cloud properties. A more sophisticated geometric optics
method known as the PGOM has been developed that
provides accurate backscattering calculations [15]. Ice
particle optical property databases comprised of
backscattering calculations from PGOM can significantly
improve active lidar-based retrievals.

2 Methodology

2.1 The Lidar Two Habit Model

The newly-developed ice particle optical property
database used for this study is known as a THM. It is based
on the concept that atmospheric ice particles can be
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separated into two categories in terms of geometrical
complexity (i.e., simple and complex) that are dependent on
particle size [16]. The simple particle geometry dominates
small particle sizes and as the size increases, the complex
geometry eventually becomes the dominate habit.

Figure 1 The THM-new habit fraction distribution diagram
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show two ensembles of different ice crystals and their mixing
ratios. The 60-particle ensemble in the purple region irregularly-
shaped single columns and the 20-particle ensemble in the green-
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The THM used for this study (THM-new) is shown in
Fig. (1) and the equations describing the habit fractions are
shown in Egs. (1) and (2). THM-new contains the three lidar
wavelengths of 355, 532, and 1064nm, and 189 maximum
dimension (Dma) size bins ranging from 2206 -
11031.337pm. In addition to using IITM and IGOM
calculations to develop the database, PGOM is used for
moderate and large size parameters (kD >35) to obtain
more accurate backscattering. The PGOM scattering phase
matrix calculations in the backscattering region are merged
with IGOM’s using a continuous weighting function that
transitions the IGOM-based calculations to the PGOM
calculations from 160° to 170° scattering angles. This THM
is considered to be an update to the THM (THM-prev) that
is composed of a roughened hexagonal column and 20-
particle irregularly-shaped 20-column aggregates and only
have IITM and IGOM calculations [5].

2.2 Lidar Ratio and Integrated Attenuated Backscatter
The LR us in unit of steradians (sr) and is defined as
the ratio of the volume extinction coefficient to the volume

backscatter coefficient. LR (S) can be given in terms of the

backscatter phase function value defined as:
N 4Tt
P, (180°)® )

where P11(180°) is the phase function in the 180°
backscattering direction and @ is the single-scattering
albedo. Ice particles are non-absorbing at 355, 532, and
1064nm wavelengths and thus have w nearly equal to 1. Eq.
(3) can be simplified to being inversely proportional to the
normalized phase function in the 180° backscattering
direction.
IAB is defined [6] as:
1—e—2ur
IAB=——— )
258

Where S is the LR, 7 is the ICOT, and 7 is the multiple
scattering coefficient. 1 is implicitly assumed to be
independent of optical thickness for a uniform particle size
distribution in ice clouds [6] and has a value of 0.7. Eq. (4)
demonstrates than an IAB-ICOT relationship exists and that
LR, Eq. (2), is inversely proportional to IAB. Based on Eq.
(4), IAB becomes asymptotic and approaches a constant
value of 1/2nS when optical thickness is large. This means
that IABs derived from lidar observations are sensitive to
optically thin clouds. For this study, ICOT values less than
4 are considered for the analytical calculations using THM-
new and THM-prev as well as the observational data.

2.3 Satellite Data

For this study, the CALIOP Level-2 5km Cloud Layer
Product [17] and the CloudSat 1 km ancillary Collection 6
Moderate Resolution Imaging Spectroradiometer (MODIS)
cloud property product (MOD06-AUX) [18] from the year
2009 are collocated to compare observed IAB and ICOT
with the analytical results. The CALIOP product is also
used to compare observed LR with those inferred from the
bulk scattering properties of the new lidar database.

The associated parameters used to find collocated thin
ice clouds include time, latitude and longitude from both
products, number of cloud layers and feature classification
flags from the CALIOP lidar product. During 2009, both the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) carrying the CALIOP sensor, and
CloudSat satellites orbit the same orbital plane along with 3
other satellites known as the A-train. CloudSat leads
CALIPSO by about 15 seconds and thus feasible to collocate
the data of both products. As the products are in different
resolutions, the nearest-neighbour estimation method is
used to collocate ice cloud cases of CALIOP 5km pixels with
those of CloudSat 1km pixels.

The CALIOP Cloud Layer product provides cloud mid-
layer temperature as well as LR and IAB at 532 nm. MOD06-
AUX provides ICOT from a MODIS two-channel retrieval
method using band 7 (2.1 pm) and either band 1 (0.65 pm),
2 (0.86 um), or 5 (1.2 um). To ensure that the highest quality
of the collocated data is obtained, CALIOP pixels that have
a single layer, transparent ice cloud classification with a
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mid-layer temperature of -40°C are considered for this
study. From the MOD06-AUX product, MODIS-retrieved
ICOTs are limited to be less than 4 since IAB is expected to
reach an asymptotic, maximum value beyond this value.

3 Preliminary Results

3.1 Phase Function Backscattering and Lidar Ratio

Incorporating PGOM backscattering calculations to
existing IGOM calculations of the scattering phase matrix of
THM-new is shown to have significant differences from
THM-prev. Fig. (2) shows that the THM-new 532nm phase
function (P11) in the backscattering region now has a
pronounced peak at 180° scattering angle for both small and
moderate particle sizes.

103 T T !
------ THM-prev, 80 um
------ THM-new, 80 um
—— THM-prev, 400 um
107 p Hm- |

—— THM-new, 400 um

101

Phase Function (P11)

10°

10715 50 100 150
Scattering Angle (°)
Figure 2 532nm wavelength P11 of the THM-prev (blue) and
THM-new (red) databases at Dmaxs of 80 (dashed) and 400um
(solid). The backscattering region (177.5° - 180°) is enhanced to

show differences between the databases and particle sizes.

The LR values calculated using the bulk P11 values at
the 180° scattering angle for THM-prev and THM-new are
shown in Fig. (3). At wavelengths 355 and 532 nm, the LRs
for THM-new are significantly less than those of THM-prev
throughout the effective radii range. Since Eq. (3) shows the
P11 value at 180° scattering angle being inversely
proportional to LR, the higher P11 backscattering values of
THM-new due to the PGOM calculations correspond to
lower LRs. For 1064nm, the LRs of THM-new are only
slightly less than the LRs of THM-prev. This is due to
1064nm belonging to the near-infrared regime where
backscattering is dampened.

Figure 3 LR values of THM-prev (blue) and THM-new (red)
with respect to effective radii from 2 to 320um for 355 (dashed),
532 (solid), and 1064 nm (dotted) wavelengths.

3.2 Integrated Attenuated Backscatter and Ice Cloud
Optical Thickness Relationship
The calculated 532nm LRs at specified Refs of the THM-
new and THM-prev databases are used to calculate their
corresponding IABs over a range of ICOTs. The analytical

IAB-ICOT relationship is plotted over a 2-dminsional
frequency distribution of collocated CALIOP IAB/CloudSat
ICOT data shown in Fig. (4). The THM-new IAB-ICOT
relationship for all chosen Refs are significantly more
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consistent to the collocated observational data than THM-
prev, especially for ICOTs from 0.25 to 1. Unfortunately,
THM-new appears to still slightly underestimate IAB for
optically thicker ice clouds (ICOT > 1). This improvement
in IAB-ICOT relationship consistency between the
analytical and observational data will likely lead to
improved lidar-based retrievals when using the THM-new
database.
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Figure 4 Comparison of ice cloud IAB-ICOT relationship of
analytical calculations using THM-prev (blue) and THM-new
(red) and collocated CALIOP/CloudSat 2009 data frequency.
The analytical IAB-ICOT relationships have effective radii of 5
(solid), 25 (dashed), and 50um (dotted).

3.3 Adding Smooth Hexagonal Column to the New

Database

As a preliminary test, another version of the new THM
is developed with the inclusion of 8% smooth hexagonal
column single-scattering properties in the “simple” particle
habit (THM-hex). Fig. (5) shows that the inclusion of a
smooth hexagonal column, even a small habit fraction,
noticeably further decreases the LRs of the THM for all three
wavelengths. The decrease in LRs is concentrated between
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the Ref range of 10 to 200um. Since IAB is inversely
proportional to LR, THM-hex is expected to have higher
IABs than THM-new and will likely lead to further
improved consistency with the collocated observational
data. Further analyses will be done to determine the optimal
smooth hexagonal column habit fraction to be included in
the new THM.
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Figure 5 LR values of THM-new (red) and THM-hex (purple)
with respect to effective radii from 2 to 320um for 355 (dashed),
532 (solid), and 1064 nm (dotted) wavelengths.
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Abstract

We equipped a flow cytometer with two low-cost
industrial CMOS cameras to image the scattered intensity
distributions of single microparticles and cells at
throughputs of several hundred events per second. These
images are compared to the far-field scattered intensity
distributions computed with various computational
methods, which yields information about particle size,
shape and orientation in the fluid flow.

1 Introduction

In a flow cytometer, microscopic objects of interest (e. g.,
biological cells or artificial micro- and nanoparticles) pass
through a laser focus one by one in a fluid flow. In most
standard devices the scattered light is collected with
detectors in the forward and sideward directions, without
any angular resolution. Depending on the device, the
objects flow at velocities of a few metres per second and
throughput may exceed 10,000 events/s. This means that
interaction times with the laser are in the microsecond
range. Fluorescent labelling is often used for the
differentiation of cells on a biomolecular basis.

Imaging flow cytometry combines the high information
content of microscopic images with the high throughput of
flow cytometry. This can be particularly useful in
applications where very small populations of target cells
must be identified and quantified within huge numbers of
other cells, coincidences and agglomerates. Minor errors in
counting those populations can have a major impact on the
diagnosis. As differentiation between single cells,
coincidences, and cell agglomerates is challenging for
common flow cytometers, we developed a flow cytometer
with integrated multi-dimensional imaging.

Our instrument combines the high signal detection rates
of photomultiplier tubes (PMTs) with the ability to capture
images of particles or cells of interest. Here we present data
for differently shaped polystyrene and silica particles in the
forward direction. Compared with light scattering
simulations, this reveals the potential of the comprehensive
analysis of agglomerates and coincidences by imaging for
improving particle or cell counting accuracy and for label-
free differentiation.

2 Experiment

A schematic of the measurement setup is shown in
Figure 1. We operate a continuous wave laser at 488 nm and
a gated laser at 406 nm focused into the flow cell with a
small offset along the flow direction. Images are captured
by two low-cost industrial CMOS cameras (no side scatter
images are shown in this extended abstract). Triggering of
the cameras and gating of the 406 nm laser emission are

Flow Cell Beam to Forward
406 nm | Stop  Scatter Camera
488 nm —n:{.:> +PMT

t
«— Microscope

to Side Scatter Objectives

Camera + PMT

Figure 1 Cytometer flow cell with lasers and
objectives. The flow direction is into the image plane.

controlled by an FPGA. As the same FPGA processes all
data of the PMTs, this enables to set camera trigger
conditions for each conventional detector channel of the
setup.

When an object passes the 488 nm laser focus, the data of
the PMTs is analysed by the FPGA and compared to the
trigger conditions. In case all conditions are fulfilled, the
cameras are triggered instantaneously, and the laser gate is
shortly opened when the object will be in the focus of the
406 nm laser. This results in a short laser flash (0.1 us to
1 ps) on the object being much shorter than the minimum
exposure time (>59 us) of the cameras to prevent motion
blur. This way, we can benefit from low-cost industrial
cameras to capture sharp images at high flow velocities
(~2 m/s). Currently, we can set a trigger window for each
PMT detector channel, but more complex trigger conditions
are possible.

3 Simulations

To aid the interpretation of the scattered light intensity
distributions, we perform light scattering simulations for
different classes of particle shapes. Lorenz-Mie Theory
(LMT) can be used for single spherical particles. For
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coincidences of two (or more) spherical particles passing the
laser simultaneously, we use the T-matrix method,
specifically the multiple sphere T-matrix (MSTM) code [1].
For general aspherical particles we use the discrete dipole
approximation (DDA) framework and employ the ADDA
code [2].

Using the amplitude scattering matrices or Mueller
matrices from these numerical simulations we can compute
far-field intensity distributions (6, ¢) over the angles in the
medium inside the flow cell (here water) for a given laser
polarization (along the flow direction). The images in the
experiment are recorded with a microscope objective and
subsequent additional optics outside of the flow cell and
surrounded by air (see Figure 1). To compare the simulated
patterns with measured ones, we need to take into account
the refraction of light rays at the interfaces of the flow cell
(water-quartz and quartz-air) to find the mapping p = g(6)
from angles inside to flow cell to positions in the forward
principal plane of the microscope objective. For the forward
scatter direction this would be p = z tan 6 with z = f(focal
length of the objective) in the absence of interfaces. With
two plane-parallel interfaces, a relation p = g(8) can be
found based on Snell’s law and basic geometry. To display
the simulated intensity pattern like the measured images,
this mapping needs to be applied and the far-field intensity
values 1(0,¢) then need to be scaled according to the
element of area of the mapping g according to conservation
of energy/power. This accounts for oblique incidence and
yields

0.6) = 10,9) "2 T (1)

g MTONIO)

The inverse relation can be used to extract far-field intensity
distributions (8, ¢) from the measured images (p, ¢).

4 Particles and Simulation Parameters

We show here results for particles made from a hybrid
silica material with an estimated refractive index of 1.41 at
406nm. Figure 2 shows a microscope image of a “dumbbell”
shaped particle (microparticles GmbH, Berlin. Germany)

Figure 2 Simulated forward scatter image for a
single hybrid silica sphere.

which consists of two fused spheres. For light scattering
simulations these particles are modelled using the bi-sphere
model in ADDA with a centre-to-centre distance smaller
than the sphere diameter (R../d =~ 0.6) to have the spheres
overlapping in the centre of the particle and match the size
of 5.7um by 3.4um as specified by the manufacturer.

Figure 3 Microscope image of a hybrid silica
"dumbbell” particle.

The spot size of the laser in the cytometer is sufficiently
large compared to the particle size (>10um along the narrow
direction) such that we assume plane-wave illumination in
all the simulations. The surrounding medium is pure water
with an RI of 1.343 [3].

5 Results

Even though the particle suspension was manufactured
to contain dumbbell-shaped particles, it also contains a
significant percentage of single spheres. The measured
scattering pattern from such a spherical particle is shown in
Figure 3, which can be compared to the simulation result in
Figure 4. Logarithmic intensity scales are used in all images

N
-

Figure 4 Measured forward scatter image of a
single hybrid silica sphere (presumably 3.4pum
diameter) in water at 406nm wavelength. Logarithmic
intensity scale.

shown here. In the measurements, the direct laser beam is
blocked before the microscope objective (see Figure 1) to
avoid over-exposure of the camera. The beamstop has the
shape of a circular disc on a strip (for mounting) and can be
clearly seen as a dark region in the measurements. This area
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was also removed in the simulated images. Figures 5 and 6
show measurement and simulation results for a dumbbell
particle oriented along the flow direction (vertical axis in the
images). In addition to the spherical pattern from a single
sphere, horizontal stripes are visible, that correspond to the
length of the particle.

Figure 5 Measured forward scatter image of a
single hybrid silica dumbbell (3.4um wide, 5.7 uym
long).

Figure 6 Simulated forward scatter image for a
single hybrid silica dumbbell.

6 Conclusion

Our setup can capture images of the intensity
distribution of the light scattered by single microparticles in
flow at a high throughput. These can be compared to
numerical simulations from various light-scattering
frameworks for different particles. In this presentation we
discuss how these data can be used to obtain information
about the individual particles. For example, for spherical
particles, fitting the parameters of the LMT (diameter and
refractive index) can allow for accurate particle
characterization. ~ For  non-spherical  particles or

coincidences/aggregates of spheres, the scattered intensity
pattern carries information about shape and orientation in
flow. Combining imaging in the forward and side
directions is particularly useful in this case. The
measurements can readily be extended to biological cells.
This could, for example yield information about their
deformation in flow or simply to distinguish coincidences.
However, finding accurate simulation models might be
more challenging for these more complex biological objects
than for artificial particles.
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Abstract

We show scanning dynamic light scattering optical
tomography (OCT) omnidirectional flow
Our method improves the velocity
measurement limit over conventional correlation-based or
phase-resolved Doppler OCT by more than a factor of 2.
Our technique is applicable without a-priori knowledge of
the flow geometry as our method works both for non-zero
Doppler angle and non-ideal scan alignment..

coherence
measurements.

1 Introduction

Dynamic light scattering optical coherence tomography
(DLS-OCT) relies on the measurement of fluctuations of
scattered light and coherence gating to obtain simultaneous
depth-resolved information about diffusive and
translational motion of particles. This information is
extracted from the temporal autocorrelation of the OCT
signal for every voxel in depth. Initially, DLS-OCT was
used for particle sizing [1] where the particle size is
determined from the estimated diffusion coefficient using
the Stokes-Einstein relation.

Flow measurements with OCT have been performed
using phase-resolved Doppler OCT, lateral resonant
Doppler OCT [2], and M-scan correlation-based DLS-OCT
[3,4,5]. The axial velocity of Doppler OCT is limited by
phase wrapping. In the correlation-based measurements,
the maximum transverse velocity is limited by the
decorrelation rate, which depends on the spatial resolution
of the system [6]. The axial velocity range is limited by
interference fringe washout [7] and the coherence length of
the source. When measuring the diffusion of particles under
flow, the decorrelation in the flow causes uncertainty in the
estimated diffusion coefficient [8], which, in case of high
flows, cannot be measured at all.

In this work we apply beam scanning in DLS-OCT to
improve the maximum measurable velocity limit for
omnidirectional flows. We extend the existing theoretical
models [3,9] for the OCT signal autocorrelation and
incorporate the motion of the beam into it. We show that
when scanning the OCT beam in the direction of the flow,
the dynamic velocity range is significantly increased. We
demonstrate that the B-scan correlation-based DLS-OCT
method is capable of measuring a far higher range of
velocities then standard Doppler OCT, lateral resonant
Doppler OCT [2] or conventional correlation analysis (M-
scan) with stationary beam.

2 Methods

Flow was generated inside the rectangular flow cell by a
syringe pump. We used Intralipid with dilution 1:40 as
scattering medium. The experiments were performed using
a Thorlabs GANYMEDE II HR series spectral domain OCT
System, with a bandwidth centered around 900 nm with an
axial resolution of 3 pm in air. The OCT system was
operated both in M-scan and B-scan modes. For scanning
the beam along any arbitrary flow direction, lateral and
axial scanning schemes were implemented. Fig. (1) shows
the experimental geometry with the flow and OCT beam
motion. Lateral beam scanning (B-scan), perpendicular to
the beam direction, is executed by moving galvo mirrors.
Axial scanning is performed numerically. Since DLS-OCT
provides simultaneous information for all depths, it is
possible to numerically align the beam scan vector along
any arbitrary direction in 3D using a spatial shift of the OCT
signal in the depth domain obtained after the inverse
Fourier transformation of the spectrum, or, equivalently, by
using a phase multiplication in the frequency domain
before the inverse Fourier transform. Fig. (2) shows a typical
B-scan flow cell image at a nonzero tilt angle before and
after the numerical alignment.

3 Results

We performed experiments at three different flow cell tilt
angles and at ten different pump discharge rates. Fig. (3-4)
show the comparison of results obtained using the
conventional and our method for a tilt angle of 0.94 degrees.
Parabolic dashed curves represent the theoretical velocity
profiles based on the pump discharge rate. Results that
significantly deviate from the expected values are omitted
in the plot. Horizontal dashed lines show the maximum
velocities that can be measured using every method. Only
the suggested B-scan correlation analysis method is capable
of correctly measuring depth-resolved velocities up to 250
mm/s. Clearly, with the B-scan method demonstrated here
we can measure much higher flows. We obtain similar
results for other tilt angles, indicating that there is no
explicit dependence of the method accuracy on the Doppler
angle. Furthermore, we found that when performing
multiple scans at different speeds, then no calibration
measurement, a-priori flow knowledge or perfect scan
alignment is required. This is demonstrated by scanning the
beam at a non-zero in-plane angle with respect to the flow
direction at five several different scan speeds, performing
the numerical alignment, and obtaining the velocity
profiles.
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4 Conclusion

We have implemented the B-scan correlation-based DLS-
OCT method for measuring omnidirectional flows. Our
method extends the maximum measurable velocity limit by
at least a factor of 2 compared to the standard M-scan DLS-
OCT or Doppler OCT techniques. We have shown that our
method can be applied to flow geometries where a proper
scan alignment is not possible. In addition, we have
demonstrated that the suggested method can be used to
estimate a diffusion coefficient more accurately under flow
conditions.
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Abstract
Particles passing through a laser focus in a flow
cytometer cause time-dependent angular intensity

distributions of the scattered light which can be detected as
signal pulses. If no beamstop is used, effects of interference
of the incident beam and the scattered light near the
forward  direction. =We  present angle-resolved
measurements of such pulses for polymer microparticles
using an optical fibre array and compare with simulation
results based on Generalized Lorenz-Mie Theory.

1 Introduction

In a flow cytometer, microscopic objects of interest (e. g.,
cells or bacteria) pass through a laser focus, scatter light and
thus create time-dependent angular intensity distributions.
Here we discuss a novel detection principle where (i) time-
dependent signals are measured with (ii) an array of optical
fibres instead of a single forward-scatter detector resulting
in both, angular and temporal resolution of the scattered
light. Extinction effects are observed in the pulses of near-
forward fibres due to interference between the incident
beam and the scattered light. This leads to a variety of non-
trivial pulse shapes even for spherical particles (“beads”),
which are used as “cell dummies”. For cells, this additional
information about their light scattering properties can allow
for a classification without the need for fluorescent
labelling. We discuss how this measurement principle can
be mathematically modelled and simulated using
Generalized Lorenz-Mie Theory (GLMT) for the scattering
of off-axis elliptical Gaussian beams by spherical particles
and compare the simulation results with measurement data
for polystyrene beads.

2 Experiment

The measurement setup was recently presented in [1]. In
short, a commercial flow cytometer was equipped with
custom-made signal acquisition electronics, modified
optics, and a fiber array to combine the angle- and time-
resolved forward scatter detection. The cytometer features
a 488 nm laser for light scattering measurements, which is
shaped to an elliptical focus with aspect ratio 1:6 and then
focused into the flow cell. The short axis of the ellipse is
oriented along the flow direction (x direction). A schematic

view is shown in Figure 1. The light coming from the flow

A
. Flow cell
o

Collimator

lens

Figure 1 [llustration of the flow-cytometric detection
system discussed here (not to scale). Instead of a single
detector, an array of optical fibres is positioned in the
detection plane of the forward-scatter channel. The fibres
collect light scattered by a single particle (dark blue disk)
in different angles (indicated by the cyan rays).

cell is collimated and detected using an array of fibers
(Figure 2), connected to photomultiplier tubes. Most of the
fibers only detect light when a particle passes the laser and
scattering occurs. Several of the innermost fibers, however,
are directly illuminated by the laser beam due to its finite
divergence, such that their intensity can both increase or
decrease when a particle passes.
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— Flow direction

Figure 2 Fibre layout and numbering. Note the flow
direction.
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3 Theory

3.1 Elliptical Gaussian beams

A e®t time dependence is assumed for all time-
harmonic fields. We model the focused laser beam of the
cytometer as an elliptical Gaussian beam (EGB) or “laser-
sheet” focused at the point ry = (xg,¥0,2) . We define
beam-centered coordinates (u,v,w):=r—r1, = (x,y,2) —
(%0,¥0,29) . The beam propagates along the w (or z)
direction (left to right in Figure 1, out of the image plane in
Figure 2) and is polarized in the uw (or xz) plane (image
plane in Figure 1). The field of an EGB with waist semiaxes
Wox, Woy along the x and y directions, respectively, reads

2s
E" = (Ey. By Ey) = (1,0.——’“ o )Eo’Poe“"W. (1)

Wox
where the wavevector is given by k = 2n/A and 1 is the
wavelength in the respective host medium (here water) and
the two waist parameters are given by s, = 1/(kwqy), s, =
1/(kwqy) [2]. The envelope function reads

2 2
—iQ i, 2
o=1]QQue T
. 1 _ 2
with Q; = W S =X
+25-——
Woj

The above expression represents the so-called “order L of
approximation” and holds for sufficiently small values of
s = max(s,, sy ).

3.2 Far-field limit of elliptical Gaussian beams

The detection optics are assumed to be in the far-field,
i.e, r » oo. Here, the scattered field is asymptotically
equivalent to an outgoing spherical wave with a direction-
dependent amplitude:

E*(r, 9, ¢) ~ 909, ¢)

e—lk?’

atr — oo (3)

In order to describe the interference of E5® and EI"°, we
also take the far-field limit of the latter. I.e.,, in beam-
centered spherical coordinates g, 8, ¢ that correspond to the
Cartesian coordinates u,v,w, we let ¢ - o (i.e, much
larger than the length scales of the beam). The EGB then
takes the shape of an elliptical cone. The corresponding
envelope function will exponentially suppress the field for
large tan6/s, such that tanf = O(s). L.e.,, we must neglect
any terms of non-leading order in tanf or sinf, because the
order L of approximation already neglected higher order
terms in s. Otherwise, unphysical phase errors can occur.
This leads to

e—ikq
. for cosf > 0
E™(q,0,0) ~ £7(0,4){ ik, @
for cosf < 0
kq

at g > oo with the vector components in spherical
coordinates

. tan@?( cos¢? _ sing?

inc E. Eo E ! 2 \"e t e

Enc = (Eq,Eg,Ep) = Tes e x y
xSy

- (0, cos¢p, —sgn(cosB)sing). ©)

L. e., the Gaussian beam behaves like a transverse spherical
wave with an angle-dependent envelope. Because the beam
itself is not radiating from any sources at finite positions
and propagates from w = —oo to w = +0o, it behaves like an
incoming spherical wave in the backward direction (cosé <
0, w < 0) and like an outgoing spherical wave in the forward
direction (cosf > 0, w > 0), which agrees with physical
intuition.
3.3 Generalized Lorenz-Mie Theory

GLMT [3] describes the scattering of a focused beam by
a (typically homogeneous) spherical particle. In GLMT, the
particle is located at the origin of the coordinate system
x,¥,2. The corresponding spherical coordinates are r,9, ¢.
All fields are expressed in eigenfunctions of the Helmholtz
operator — (vector) spherical wavefunctions. For example,
the 9 Component of the scattered field reads:

2n+1

By Y et

n=lm=-n

{n gt 4 kr) 5 Pl Ccos0) o

‘(cosﬁ)] ime

+mb, gnTl: ‘fn(kr) Sind

with the Riccati-Bessel function &,(x):=x hﬁlz)(x)
corresponding to outgoing waves. P;" are the associated
Legendre functions.

The scattering coefficients a,, b, of the spherical particle
are those of standard (i. e., plane wave) Lorenz-Mie Theory.
Furthermore, the GLMT contains beam shape coefficients
(BSCs) gy" that describe the focused beam. The BSCs can
generally not be computed in closed form. Here, we use the
so-called integral localized approximation (ILA) [4] to
compute the BSCs. For EGBs, the ILA has favorable
numerical stability and complexity compared to the (non-
integral) localized approximation [5].

3.4 Computations

As a basis for our far-field GLMT computations we use
the Fortran code provided with the textbook by Gouesbet
and Gréhan [3], for which a Python wrapper was written.
This was complemented with a Python implementation of
EGBs, i.e., BSCs computation with ILA and the far-field
expressions in Eq. (4). This allows us to compute the
“outgoing spherical wave” part of both, incident and
scattered field that determine the intensity in the forward
direction.

To transform from the particle-centered GLMT to the
beam-centered laboratory system in the far-field picture,
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i.e., to account for the shifted origin r = q + ry, the phase
relation between £ and £5% is obtained by inserting

1

_ a—ikr —

—ikq p—ik(rr,)/r
kr kq ¢ ¢

as q,r » |rp|

@)

in Eq. (3) and identifying ¥ © 6, ¢ © ¢. This allows us to
compute E° = e 4 g5 [Eq. (3) and (4)] for a set of
directions 6, ¢ and determine the intensity 7' = |£%|2,

4 Results and discussion

Figure 3 shows simulated intensity patterns for a single
polystyrene bead (d = 6.11 pm,nps = 1.6054 — 0i [6]) in
water (n,, = 1.3374[7]) at A = 488 nm/n,,. They exhibit the
typical circular pattern of spherical scatterers, interference
near the edges of the EGB as well as a significant
dependence on the particle position. To account for the fact

5 -

o

= 9@ sin(g) in *

I
o
L

(air) .
e ;

-10

. :
=5 0 5
@i ; = gin) cos(g) in *

T
-10 10

ES
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Figure 3 Simulated far-field intensity patterns of
the total field £ = EM° 4 &5

that the scattering takes place in water and the detector is
placed in air (Fig. 1), we applied Snell’s law to transform the
scattering angle 6 from water to air. The intensity pattern
7%t(8@1, ) can now be integrated over the solid angle of
the individual fibres (coloured circles in Figure 3).
Repeating this for a range of beam/particle positions ry =
—T, simulates the intensity variations during particle transit
and yields a set of intensity pulses that can be compared
with measurements. Figure 4 shows measurement and
simulation results for the corresponding pulses. The
estimated flow speed in the cytometer is v = (3.5 + 0.4) m/
s, such that the 28 um length interval shown for x,, in the
simulations corresponds to the 8 ps time interval [v At =
(28 % 3) um] in the measurements. As can be seen, both, the
complex shape of the pulses as well as their length is well
described by the simulations.

The concept presented here to model interference of E"®
and E5 in the far-field is not limited to GLMT, but can be
extended to other (numerical) frameworks for light-
scattering that allow for off-axis scattering with focused
beams, such as the discrete dipole approximation or T-
matrix methods. Perspectively, this allows to simulate such
interference for non-spherical particles of suitable size
parameters, too.

5 References

[1] Kage D., Heinrich K, von Volkmann K, Kirsch J.,, Feher K,
Giesecke-Thiel C., Kaiser T., Multi-angle pulse shape detection of
scattered light in flow cytometry for label-free cell cycle
classification, Communications Biology 4(1):1-11 (2021)

[2] RenKF., Gréhan G., Gouesbet G, Electromagnetic field expression
of a laser sheet and the order of approximation, Journal of Optics
25(4):165-76 (1994)

[3] G. Gouesbet, and G. Gréhan, Generalized Lorenz-Mie theories
(Springer, 2017), 2nd ed.

[4] RenKUF., Gouesbet G., Gréhan G., Integral localized approximation
in generalized Lorenz-Mie theory, Applied Optics 37(19):4218-25
(1998)

Intensityéa.u.

7000
001 4 S

800 6500

00 6000

600
5500
500
5000

200

-1 -5 0 5

position xfum

10 -10

position xg/um

-5

-1 -5 0 5

pasition xg/um

10 10 -5 0 5

position xium

0 5 10

position xyfum

10

Figure 4 Intensity pulse shapes for 6.11 pum polystyrene particles on fibres 1-5 (along the flow direction, see Figure
2). Top: Measurement results for ca. 10* events (mean + standard deviation). Bottom: Simulation results.

126




LASER-LIGHT AND INTERACTIONS wiTH PARTICLES

AusUST 21-26™, 2022, WAaRsAW, PoLAND

[5] Ren KF., Gréhan G., Gouesbet G., Evaluation of laser-sheet beam
shape coefficients in generalized Lorenz—Mie theory by use of a
localized approximation, Journal of the Optical Society of America
A 11(7)2072-9 (1994)

[6] Nikolov LD., Ivanov C.D., Optical plastic refractive measurements
in the visible and the near-infrared regions, Applied Optics
39(13):2067-70 (2000)

[7] Daimon M., Masumura A., Measurement of the refractive index of
distilled water from the near-infrared region to the ultraviolet
region, Applied Optics 46(18):3811-20 (2007).

127



128



PLASMONICS & NANOPARTICLES

129



e 13th International Conference Series on ARLY
V45 A Laser—llght and Interactions wuth Partlcles &
\ ,C' Optical Particle Characterization follow-up ! b N
<, 0 INSTYTUT FIZYKI
Pt August 21-26th, 2022, Warsaw, Poland POLSKIES AKADEMI RALK

A NEW METHOD FOR MEASUREMENT OF SURFACE PLASMON POLARITONS
PROPAGATION LOSSES IN A LASER-CUT SINGLE SILVER NANOWIRE

M. CWIERZONA!, M. ZEBROWSKI?, M. A. ANTONIAK?, K. SULOWSKA!, M. NYK?, S. MACKOWSKI!,
D. PIATKOWSKI**
UInstitute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Torun,
ul. Grudzigdzka 5, 87-100 Torun, Poland
2Advanced Materials Engineering and Modelling Group, Faculty of Chemistry, Wroctaw University of Science
and Technology, Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland

*Corresponding author: dapi@umk.pl

Abstract

In this work, we propose a new experimental approach
to directly measure propagation losses of surface plasmon
polaritons (SPPs) in a single silver nanowire (AgNW).
Using a precise microinjector, a femtoliter droplet with
up-converting nanocrystals (NCs) is deposited at one end
of the nanowire. When illuminated with a laser, NCs
provide a stable source of SPPs, which then propagate
through the nanowire to its other end. The intensity of
radiation measured at that end provides information about
propagation losses. By gradually reducing the length of the
nanowire through a precisely controlled laser-cutting
technique, it is possible to measure the intensity of scattered
polaritons versus the effective length of the nanowire.
Interestingly, the experimental techniques presented in this
work prove to be beneficial as an characterization tool due
to their relatively low cost and ease implementation in an
already built measurement setup.

1 Measurement setup

The experiment was carried out using a confocal
microscope (Ti2, Nikon) equipped with two microscope
objectives (Figure 1): a high numerical aperture (NA) oil
immersion objective (Apo TIRF 60x, NA = 1.49, Nikon)
operating in an inverted configuration, and a low numerical
aperture air objective (LU Plan 50x, NA = 0.55, Nikon)
mounted on a tripod-holder, placed directly above the
sample and attached to sample stage.

The bottom objective was used to both collect
photoluminescence (PL) signal from NC and cut the
nanowire. The top objective was solely used to provide a
stable excitation source for locally deposited nanocrystals.
Raster scanning for luminescence image reconstruction is
possible due to a piezoelectric sample holder (P-545, Physik
Instrumente). As a light source, a single-mode fiber-coupled
infrared laser diode operating at 980 nm (LP980-SA100,
Thorlabs) was used. A photon counting module (COUNT-
100C, Lasaer Components) was used to detect the signal
acquired by the bottom objective.

excitation laser,

top objective attached to
the sample stage

silver nanowire
sample on

XY stage

up-converting
nanocrystals

bottom objective
(stationary)

red PL l' IR laser

Figure 1 Sketch of the experimental configuration.

2 Sample preparation

As a sample base, regular coverslips (No 1, Roth) were
chosen since glass does not introduce an additional
attenuation of polaritons. Next, about 20 pL of colloidal
silver nanowires in water were spin-coated on the coverslip
for 30 s at 2500 rpm. One silver nanowire, isolated from
other particles, was selected from the resulting random
distribution of nanowires on the glass surface. By using a
femtolitre capillary tip, a small NCs droplet of about 500 nm
in diameter was deposited exactly at one end of the selected
nanowire (Figure 2).

Figure 2 Single, silver nanowire with nanocrystals deposited
at one end, observed in transmitted light.
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3 Sample characterization

Initial dimensions of the nanowire were estimated using
fully optical techniques. The length of the nanowire was
about 23 um and was measured using scattering imaging
with an accuracy of about 0.5 um (Figure 3).

Figure 3 Single, silver nanowire imagined using
backscattered laser light.

Due to the diffraction limit, nanowire diameter cannot be
estimated using classical imaging techniques. One can,
however, use an indirect method based on complex
interactions between the silver nanowire and Gaussian
beam [1]. A laser beam focused on the free end of the
nanowire by an objective with a high numerical aperture
launches SPPst, which transports energy along x-direction
to the nanocrystals deposited at the other end of the
nanowire [2]. Excited nanocrystals launch SPPse.
propagating back to the excitation/detection point (bottom
objective). The shape and intensity of this emission strongly
depends on the laser polarization and nanowire diameter
which can be used to determine nanowire thickness [1]. It
has been shown that in the case of thin nanowires (d<100
nm) and linearly polarized laser oriented perpendicular to
nanowire long axis, only Eox and Eo: laser field components
are visible [1]. A four-lobe PL pattern observed for the
investigated nanowire indicates that its diameter is below
100 nm (Figure 4).

500 nm

Figure 4 PL distribution observed at the free end, excited by
laser light polarized perpendicular to the nanowire.

4 Experiment

The SPPs propagation losses measurement was realized
using the configuration presented in Figure 1. The top
objective is used to position the excitation laser spot on the
NCs droplet, which then becomes a source of polaritons.
Using low numerical aperture objective guarantees lower
power densities, reducing the possibility of accidental
damages of the nanowire. Eventually, SPPseL launched by
NCs reach the opposite end of the nanowire and are
collected by the bottom objective in the form of out-
scattered radiation (PL). This radiation is then integrated

and plotted versus nanowire length. After PL
measurement, the laser was redirected to the bottom
objective and polarized alongside the nanowire to ensure
the most efficient absorption. Next, the laser power was
increased to provide enough energy to melt the thin
nanowire. After each melting step, the laser power was
reduced and redirected back to the top objective to excite
NCs again and collect PL image. This procedure was
repeated for 11 different lengths of the nanowire. The first
and last step of this process is presented in Figure 5. The
distribution of integrated intensities plotted versus the
temporary length of the nanowire (Figure 6) can be

accurately described by the exponential function.

Figure 5 First (upper images) and last (lower images) step of
SPPs propagation losses measurements: (a) transmission and (b)
PL images.

= experimental points
exponential fit

1254

100

754

50

254

Intensity [kcps]

Nanowire length [um]

Figure 6 The integrated intensities of PL signal, measured at
the free end of the nanowire for different lengths of the nanowire.
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Abstract

Ellipsometry was used to register coupling of surface
and localized plasmons in the system with gold
nanoparticles deposited on a gold film. It is known that
coupling of modes results in their hybridization and
splitting of dispersion relations of separated modes, which
crosses without coupling. Dispersion relations were
obtained from ellipsometric measurements made as in
standard configuration with external reflection as in
Kretschmann configuration with internal reflection and
direct excitation of surface plasmon. Those dispersions
demonstrate expected splitting and allow to speak about
strong coupling and Rabi splitting.

1 Experimental

Spherical gold nanoparticles of 50nm diameter from
“Nanopartz” were deposited by absorption on a gold layer
of about 40nm thickness. Gold layer was evaporated
directly on BK7 glass slide and, for more uniform
adsorption of nanoparticles, monolayer of dithiol (C10S2Hz22)
was preliminary adsorbed on gold surface. Result of the
adsorption is shown in Figure 1.

Figure 1 Nanoparticles on the gold surface.

In addition to the standard measurement configuration
with external reflection ellipsometric measurements were
made in Kretschmann configuration with internal reflection
too. For such measurements additional 90° prism from BK7

glass was optically contacted to the glass slide by spectrally
matched immersion liquid from Cargille Co.

Ellipsometry provides two so-called ellipsometric angles
¥ and A bearing amplitude and phase information [1]. As
by definition tgW=Irpl/lrs| where ri are Fresnel reflection
coefficients, behaviour of the angle ¥ reflects extremums of
reflection coefficients allowing to follow conditions of the
energy transfer to modes of the system of interest.

2 Results and Discussion

Spectra of the angle ¥ for different angles of incidence
measured for the system with nanoparticles independently
on the measurement mode demonstrate two additional
minima in comparison to the results for the clean gold film.
Those minima correspond to the conditions of the excitation
of additional modes created in the system after deposition
of nanoparticles. Dispersion relations for those modes
restored from the position of all recorded minima are
shown in Figure 2.
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’
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’
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localized
modes

Figure 2 Dispersion relations.

A number of lines are presented in Figure 2. Two
inclined dashed lines correspond to plane wave in air or
BK?7 glass. They separate the whole space into three areas
where the area left to the light line in air is accessible by
standard measurements with external reflection, the area
between two light lines is accessible by internal reflection in
Kretschmann geometry, any the last area is not accessible in
our experiement. Horizontal lines are eye guides for the
position of dispersionless localized modes of deposited
nanoparticles. It is worth to note that deposition of spherical
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nanoparticles on a substrate lifts the degeneration of the
localized plasmon of a spherical metallic nanoparticle and
shifts it to lower energy. Black line corresponds to the
recorded surface plasmon for clean gold film. It is seen that
the visibility of this mode is restricted but it continues in
both sides.

Three different branches created by the hybridisation of
localized and surface plasmons are well seen and shown by
colours. Lines correspond to the dispersion recorded by
internal reflection as stars to the dispersion recorded by
external reflection. It is interesting to notice that
hybridisation increases the range of visibility of modes to
low energies.

At least two other interesting results are visible in Figure
2. Dispersion recorded in both measurement modes well
coincide and the mode recorded by external reflection is
dispersive in contrary to the case of nanoparticles on a glass
[2]. It happens because of the hybridization and reflects the
existence of the surface plasmon felt in this way even at
external reflection. The second worth result is the splitting
about 0.2eV between modes coded by red and green what
allows to speak about possible strong coupling of two
plasmons and Rabi splitting between them.

The origin of the third mode at ~2.55eV is questionable.
From one side it looks like the third mode also split with
surface plasmon what is visible as deviation of the green
mode from surface plasmon for clean gold. From other side
this deviation may be explained by standard reaction of
surface plasmon on material deposited on the surface. Also
there should be no dipole mode of spherical gold
nanoparticles at that energy. So, this question demands
additional investigations.

3 Conclusions

Ellipsometry demonstrates good ability in the
investigation of plasmonic systems and coupling of
different plasmonic modes. Obtained results demonstrate
splitting of coupled modes and allow to speak about strong
coupling of localized and surface plasmons in the
investigated system. Additionally results demonstrate that
in such a system surface plasmon is exhibited even at
external reflection at grazing incidence due to the noticed
hybridisation.

4 References
[1] RM.A. Azzam and N.M. Bashara, Ellipsometry and polarized light
(North-Holland, Amsterdam, 1977).

[2] Bortchagovsky E.G., Dejneka A., Jastrabik L. Lozovski V.Z,
Mishakova T.O., Deficiency of standard effective medium
approximation models for ellipsometry of layers of nanoparticles,
J. Nanomater. 2015:602848-1-8 (2015)

133



13th International Conference Series on

Laser-light and Interactions with Particles
Optical Particle Characterization follow-up !

August 21-26th, 2022, Warsaw, Poland

] 24 (¢
i!hmsmur FIzyKi
POLSKIES AKADEMII NAUK 9

DEPENDENCE OF PLASMONIC PROPERTIES OF LATTICES OF NANOPARTICLES ON THEIR
ORIENTATION. MICROELLIPSOMETRIC INVESTIGATIONS.

Eugene BORTCHAGOVSKY", Yuri DEMYDENKO?, Alla BOGOSLOVSKA?, Tetiana
MISHAKOVA?, Jia TANGS3, Monika FLEISCHERS3, Ilya MILEKHINY, and Dietrich R. T. ZAHN*

1V. Lashkarev Institute of Semiconductor Physics of NAS of Ukraine, pr.Nauki 41, Kyiv 03028, Ukraine
2 Institute of High Technologies of Taras Shevchenko Kyiv National University, ave.Glushkov 4g, Kyiv 03022,
Ukraine
3 Institute for Applied Physics and Center LISA+, Eberhard Karls Universitat Tiibingen, Auf der Morgenstelle 10,
D 72076 Tiibingen, Germany
4 Semiconductor Physics, Chemnitz University of Technology, Reichenhainer Strafie 70, D-09107 Chemnitz,
Germany

*Corresponding author: bortch@yahoo.com

Abstract

Microellipsometry was used to reveal plasmonic
properties of an ordered lattices of nanoparticles depending
on the mutual orientation of the plane of incidence of
exciting light and own vectors of the lattice. Although
Rayleigh anomalies for differently oriented lattice are
different, they are reflected at energies beside of
experimental range. In spite of this fact, registered positions
of plasmonic resonances are different and obtained
behaviour is not standard birefringence.

1 Experimental

Plasmonic structures of gold nanodiscs ordered in
square lattices were prepared by electron-beam lithography
[1]. Electron-microscopic image of one of the structures with
the period of 150 nm is shown in Figure 1.
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Figure 1 Image of the lattice of nanodiscs.

Imaging ellipsometer nanofilm_ep4 from Accurion
GmbH with spatial resolution on the micrometer range was
used for the investigation of these structures.
Measurements were made with the plane of incidence

oriented either along the side of squares of the lattice or
along the diagonal of squares.

2 Results and Discussion

It was shown [1] that interparticle interactions in lattices
result in effective birefringence of a layer of nanoparticles
depending on the angle of incidence. The optical axes of this
birefringence are fixed by the geometry — along (X) and
perpendicular (Y) to the plane of incidence in the surface
plane and perpendicular to the surface (Z). Independence
of the X- and Y- effective components of the birefringence
can be proven by simple symmetrical considerations [1].
However, this effective birefringence behaves contrary to
the standard crystal birefringence. Another symmetrical
consideration demonstrates that the rotation of the plane of
incidence relative to the lattice and its arrangement along
the diagonal of the square lattice leads to the planar optical
axes again directed along and perpendicular to the plane of
incidence and their components of the birefringence are
independent again. In the case of crystal birefringence, the
optical axes would be fixed by the lattice, not by the plane
of incidence, and by rotation of the plane of incidence by 45°
the Jones matrix [19] of the reflection would be nondiagonal
and components of the dielectric functions along planar
axes are mixed in the strongest way in such a geometry.

Ellipsometry provides two so-called ellipsometric angles
¥ and A bearing amplitude and phase information [2]. It is
demonstrated [3] that the spectral behaviour of the angle ¥
of a system with a layer with resonances in relation to the
spectrum of the angle Y of the system without this layer
reflects resonances by the extremums allowing easily assign

separated extremums to resonances of different
components of the fielectric function of the birefringent
layer.

Spectra of the angle ¥ for different angles of incidence
measured for two noticed mutual orientations of the plane
of incidence and the lattice are shown in Figure 2.
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Figure 2 Spectra of ellipsometric angle ¥measured at different angles of incidence for two mutual orientations of the
square lattice and the plane of incidence, the directions of which are indicated. The dashed line demonstrates the spectrum for a
clean substrate, i.e. without lattice of nanoparticles.

The analysis [3] further indicates that the minima in the
spectra are connected to resonances of the X- and Z-
components of the dielectric tensor while maxima are
related to the resonance of the Y-component. All those
features are indicated in Figure 2 and are clearly different at
the two different orientations of the plane of incidence.

Previous results [1]
treatment of ellipsometric results for considered plasmonic

demonstrated that standard

structures is incorrect. Application of standard models of
Effective-Medium  Approximation layers  of
nanoparticles is incorrect too [4]. Direct assignment of

for

features in ellipsometric spectra to resonances of the
components of dielectric functions of deposited birefringent
layer [3] is convenient but qualitative tool. Thus, as correct
account of the polarizability renormalization of a single
nanoparticle deposited on a layered surface inside of an
ordered structure appropriate
construction of parametrized effective dielectric functions

of mnanoparticles, as
of the layer of nanoparticles are necessary for the analysis
of ellipsometric results.

In spite of Rayleigh anomalies for both orientations of the
lattice are rather far from the experimental spectral range
and the approach developed in [1] gives only minor
changes of the values of the components of the effective
dielectric functions for both orientations, different positions
of plasmonic resonances for different orientations are
clearly visible.
investigations.

So, this question demands additional

3 Conclusions

Ellipsometry clearly reveals plasmonic resonances of the
lattice of nanoparticles and demonstrates that their position
depends on the mutual orientation of the plane of incidence
of the exciting light and own vectors of the lattice. The
reason of so clear difference demands further investigation.
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Abstract

We investigate the extended dynamics and laser
emission of random nanoemitters attached in a three-
dimensional (3D) array of dispersed carbon nanotubes
(CNTs) enhanced by plasmonic-polariton excitations. We
found that in such a composite system, the onset time of
laser generation (instability) in the nanoemitters
significantly depends on the plasmonic frequency of the
nanotubes. In the case of CNTs with a high plasmonic
frequency, surface plasmon-polaritons are excited
macroscopically, which leads to strong cross-coupling of
emitter radiation to re-excited plasmon-polariton fields. The
latter leads to a significant decrease in the onset time of laser
instability. We found a resonant change in the field
structure in the system associated with plasmon-polariton
generation when the field of emitters in 3D clusters is
strongly coupled to the CNT field. The corresponding
resonance is detected in the form of a strong and narrow
peak of the inverse participation ratio. The position of this
resonance weakly depends on the number of attached
emitters.

1 Model and basic equations

We consider periodic array of single-walled parallel
carbon nanotubes (CNT) and a number of radiating
nanoemitters attached randomly between of CNTs. To
investigate the dynamics of this complex nonlinear 3D
system we use the Maxwell equations for electrical E(r,t)
and magnetic H(r,t) fields, polarization P(t), and four-level
laser populations No123(t) of nanoemitters (quantum dots)
[1-4]. However such nonlinear 3D system cannot be solved
analytically, therefore in this study we use the numerical
FDTD simulations allowing obtaining the exact solutions
for photonic radiating field.

1.1 Lasing in the system with carbon nanotubes

We consider single-walled CNTs and a number N of
radiating emitters (quantum dots (QD)) are randomly
placed between the nanotubes. We study the radiating in
such a compound system (emitters with surrounding CNT)
at different values of the plasma frequency wp when the
surface plasmon-polaritons (SPP) in CNT can be generated.
Fig.1 shows the integral output flux of field energy that can
be written as I (t) =§,(K-n)dS where K is the
Poynting vector.

0 50 100 150 0 50 100 150

0 50 100 150 0 50 100 150
t t

Figure 1. Integral intensity 1(t) of field radiating by
nanoemitters for different plasma frequencies @p.

From Fig. 1 one can see that the flux of the field energy
I(t) from the CNT array significantly depends on ap of
surrounding CNT. We can conclude that the frequency
o, =w,=10 x10%sec™ (when the plasmon-polaritons
are generated) indicates the characteristic frequency that
separates two regimes in considered compound system.

Fig.1 shows that the field dynamics and lasing of N
random nanoemitters considerably depends on wp of
surrounding CNT.

Figure 2. Spatial field distribution in the central plane at
different ay of surrounding CNT.
Fig.2 shows that at large wp the field is concentrated near
the boundaries and gaps between the CNTs and practically
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does not penetrate inside the nanotubes. At smaller values
of w, <= 1.0x10° sec ™" (see panels (d), (e), and (f)) the
field E is near homogeneous, where only the point-like
radiating emitters are visible. In such a wp frequency range
the SPPs can not propagate. Because of the significantly
inhomogeneous shape of the field distribution (Fig.2), it is
important to quantify the characteristics of the spatial
features of plasmon-polariton field to decide how much the
photonic field state E is ordered. To do that we calculate the
Inverse Participation Ratio (IPR) defined as the normalized
integral over the square of the field energy that reads

3 453 3
pr_ - [g|"d r:(kj'
berasef A

We numerically found that IPR has very sharp peak at
0, =0, = 1.0x10%sec™ (shown in Fig.3) that thus
can be declared as critical frequency (resonance) of SPP
generation. The position of @, is practically independent
on the number of emitters N.

Figure 4. The spatial 3D structure of plasmon-polariton field
in CNT array at different plasma frequency (a) ap = =10%sec’
that corresponds to the incipient ordering state of field, and (b)
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Figure 3. (a) The Inverse Participation Ratio (IPR) of the
radiating field in CNT lattice as function of the plasma
frequency ay for different number of emitters. (b) The
localization length of the field A in the CNT lattice as function of
plasma frequency ay. We observe that IPR has very sharp peak at
ay =ax =10%sec’ that can be mention as a critical frequency and
corresponds to surface PP generation. The position of ax is
practically independent on the number of emitters N.

disordered field state below the critical ey =107sec? <a.
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Abstract

The scope of the present report is the closer look at the
dynamics of damping processes in MNP in order to answer
the question which plasmonic quantities are damped as
such data do not result from the classical EM
considerations. The model is based on the link between the
classical EM description of plasmonic properties of MNP
and the quantum picture in which MNPs are treated as
"quasi-atoms" or quasi-particles (PQPs). The energy level
structure with the zero energy level state for non-excited
plasmon allows studying the system dynamics accounting
for dissipative processes.

Classical Quantum

Oscillation energies

e cavity modes

Figure 5 The starting scheme for modelling which relates the
oscillation energies of LSP modes to the energy levels of
quantum plasmonic quasi-particle

The evolution of the reduced density matrix of quantum
open systems is ruled by the master equation in the
Lindblad form which enables us to distinguish between
damping processes of populations and coherences of
multipolar plasmon oscillatory states and to establish the
intrinsic relations between the rates of these processes. The
size dependence of the rates of dephasing of the collective
electron motion and of damping of populations are given
for gold and silver MNPs on the base of the established
classical-quantum relations of damping channels.

1 Introduction

Plasmonic properties of nanoscale structures lay the
groundwork for many future technologies, applications
and materials. Plasmonics is based on the excitations of
surface plasmons understood as surface charge density
oscillations, which form the standing waves of Localised
Surface Plasmons (LSP) in the case of finite-size
nanostructures. In spherical metal nanoparticles (MNPs)

the basic properties of LSPs can be controlled by their radius
and manifest in the scattering, absorption or extinction
spectra in form of the maxima with size-dependent spectral
position, spectral width and intensity. The maxima in the
spectra reflect the resonant character of LSP excitations
resulting from the size-dependent intrinsic properties of
MNP [1]. Such spectra can be predicted by the classical Mie
scattering theory when calculated for consecutive chosen
radii. However, Mie scattering theory gives no direct
information about the size-dependence of the pick position
in the spectra.

2 Classical oscillation energies and damping rates
of plasmonic cavity modes versus MNP radius

The dynamics of plasmon excitations is described by the
important intrinsic functions of MNP's size such as resonant
frequencies of the cavity modes and damping rates of such
modes. The excitation of LSP is a resonance process which
takes place when the frequency of the incoming light o fits
a self-frequency (-ies) of a plasmonic resonator wi(R) (of the
cavity modes), where [, [=1,2,3,...

Therefore, the key issue is to find the intrinsic properties
of a plasmonic cavity i.e. the size-dependent self frequencies
of plasmon modes wi(R) but also the damping rates I'i(R) of
the oscillations. Such parameters characterise the plasmonic
MNPs and can be found by looking for solutions of the self-
consistent Maxwell equations in absence of the incoming
light field in connection with the continuity relations at the
sphere boundary [1]. The resulting dispersion relations for
surface-localized fields define the complex, discrete
eigenvalues h(wi(R) - iTI(R) /2). So the dynamics of surface
localized EM fields: E(r = R) = exp(iw; —I;/2)t ) is
unambiguously determined by the material properties of
the MNP of a given size and its dielectric environment.
Found in absence of the illuminating radiation, wi(R) and
I'(R) inherently characterize an MNP of the radius R in the
same way as the energy levels and the inverse of lifetimes
characterize an atom or a molecule. In both cases, these
quantities manifest in the spectra, when the systems are
illuminated.

3 Quantum modeling of the plasmonic quasi-
particle (PQP) decay dynamics

Let us ascribe [2] the oscillation energies hmi(R) of the

classical modes to the discrete energy levels, which are

distinct from the zero-energy non-oscillatory level by the

energies hoi(R) (Fig. 1). The corresponding states of the
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plasmonic systems S in the Hilbert space are |I > with [ =
1,2,3.... The only possible transitions are those with the
absorption or emission of a photon with the energy hai.
Such transitions occur between the state |/ > and the non-
oscillatory state 10 >.

3.1 The density matrix and quantum master equation

To describe the state of the plasmonic system S we use
the density matrix which is convenient in describing the
quantum systems in mixed states and in time-dependent
problems. The diagonal elements of the density matrix
correspond to the probabilities p» = Nw/N of occupying a
quantum states In > so they describe the relative
populations of these states. The complex off-diagonal
elements of the density matrix in the basis In>,
|0 > contain time-dependent phase factors that describe the
evolution of the coherent superposition of the states.

As no physical system is absolutely isolated from its
surroundings, the plasmonic system S has to be considered
as an open quantum system which is a subsystem of a larger
combined quantum system S + E, where E represents the
environment to which the open system S is coupled.
Following the main assumption of the basic theory of open
quantum systems [3], the environment is assumed to be a
large system with an infinite number of degrees of freedom.
The interaction of the open system S with the environment
causes an irreversible behavior of the open system S and
leads to decoherence (randomization of phases) and
dissipation of energy into the surroundings.

The dynamics of open systems in the case of Markov
processes can be described by a quantum Markovian master
equation in Lindblad form [3]:

DpS(t i . ,
W) — 2 1% 0] - D) m

where p5(t) is the reduced density matrix of the system
S, and D[p3(t)] is the so-called dissipator:

D[p°] = %Z (LLLap® + pS Ll La —2Lap®LY) 2)

Summation over o extends over all processes of coupling
with the environment. The dissipator D[ps] describes the
environmental influence on the system. The ‘jump'
operators Lt describe a random evolution of the system
which suddenly (at the time scale of the evolution) changes
under the influence of the environment.

The first term on the right-hand side describes of eq. (1)
the unitary evolution of the system S under the action of a
Hamiltonian H.

3.2 Two-level system plasmonic system S:

The simplest quantum system is a two-level system
whose Hilbert space is spanned by two states, an excited
state |/>and a ground state |0 >. The system S is then a sum
of S of independent, open subsystems: § = Y,_; ,_S;. Such

description is a good approximation for many level
systems, provided that the transitions to other than the
ground state levels can be neglected so there is no coupling
between the modes. Each system S is coupled to the
environment independently. and all assumptions about the
coupling of the S to the environment remain fulfilled for
subsystems S. The form of the Lindblad equation
guarantees, that also dynamics of each matrix operator
L), pS(t) = 5, 0% (0) is governed by the equation in the
Lindblad form.

The Hamiltonian of a two-level system H;, H =} H, .
Quantum properties of the cavity mode 1 are carried by the
annihilation a; and creation a mode “amplitudes”
(annihilation and creation operators of photons), which
satisfy: [a;, ¢ ] = a;af — a;a; = 1. The Hamiltonian of the
mode i Hp=1/2ho(qq] + q;a;) = hoy(qaf + 1/2).
Dropping the zero-point energy hw/2 from the
Hamiltonian by redefining the zero of energy, we introduce
the Hamiltonian H, for the plasmonic QA in the form: H; =
ho;0,0_, where and o_ and o, and are the energy lowering
(resulting in photon creation) and energy rising operators
(resulting in photon annihilation) in the PQP system).

3.3 Dissipative processes

An excited plasmon, similarly as an excited atom, decays
to the state of lower energy spontaneously emitting a
photon. In the theory of open quantum systems, such decay
is assumed to be due to the coupling of the system to the
environment, which introduces radiative losses due to the
spontaneous decay (coupling to the EM vacuum fluctuating
fields) and heat losses due to the inevitable collisions of
electrons in a metal (coupling to a heat-bath in a thermal
equilibrium state with an infinite number of degrees of
freedom). Dynamics of both coupling processes is assumed
to be much faster than those of the open system S, so the
dynamics of S (andthose of S) is Markovian. The jump
operators describing these processes are:

Leg=\/Tjo—, Leoty=\/T{"0 (3)

where I} = I is the rate of radiative, spontaneous decay
and IF°! = T} is the rate of nonraditive, collisional losses
resulting in absorption and heat production.

3.4 Free evolution of populations and coherences

After algebra involving 2x2 matrices, the Lindblad
master equation including radiative and nonradiative
dissipation processes one can find the evolution of
populations of the excited end ground state
Pu (1), poo (t) and of coherences p;o(t) = pgo(t) in the form:

pu(t) pu(to) exp (=i (t —to)),

poo(t) = pulte) (1 —exp (—L'1(t — 1)) + poo(to),

po(t) = polto)exp (—iw, — y/2)(t —to)), (4)
po(t) = polto) exp (iwy — L'i/2) (¢ —to).

where [ =TI + I}".
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3.5 Conclusions:

The dephasing of coherences: I[f°" = 1 /2I} is twice as
slower as damping of populations: I7°" =T;.

The rates of population damping I7°? and I''*" depend
on the size of a MNP. For gold and silver nanoparticles
these rates can be accessed from our classical model based
on the dispersion relation considerations [4]. In gold MNP
of several nanometers the damping rates I7°? and I'}°" are
larger than those in silver, however in larger MNPs of tens
of nanometers this relation changes.
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