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Optical Tweezers in Biology

Alexander B. Stilgoe*?, Itia A. Favre-Bulle?, and Halina Rubinsztein-Dunlop™®

8The School of Mathematics and Physics, The University of Queensland, St. Lucia, QLD, 4072,
Australia
PARC Centre of Excellence for Engineered Quantum Systems, The University of Queensland, St.
Lucia, QLD, 4072, Australia

Abstract
Optical tweezers has enabled application and measurement of forces in a highly quantitative way and has been used to
discover and study in depth a multitude of biological processes. In this tutorial presentation, we start with overview of the
original work by Arthur Ashkins’ and the first applications of optical tweezers in biological systems and we describe the
principles of optical trapping showing how to measure optical forces and torques. We describe the broad use of optical
tweezers with applications ranging from cell manipulation to molecular biology. We conclude the presentation with
discussions of the current state of the art of this area of science and discuss further applications of optical tweezers and

possible future directions.

Keywords: optical tweezers, forces, torques, cells, biophysics, molecular biology, beam shaping, light detection,

I Introduction

Optical tweezers have been widely used in quantitative
measurements of biological systems and processes since
the first demonstration of the technique in 1986 by Arthur
Ashkin 1.
biology to shine light into the understanding of processes

They were utilized in biophysics and cell

taking place in cells and molecules®*. Here we describe
optical tweezers, outlining the principal of operation and
review their use in biological systems as well as in a
number of other micro-systems.

II Body

1. Principal of operation and measurement

Optical tweezers can trap, manipulate and measure
forces acting on particles in a range from femto- to nano-
Newtons (fN-nN). Optical forces occur due to the
conservation of momentum when light scatters off an
object. If a particle scatters light such that the average
direction of the light is changed, then the particle must
experience a force in the opposite direction. We outline
various methods of modelling this process, including:
Rayleigh scattering, geometrical optics, and an approach
based on a full electromagnetic theory. We outline how
the effect of the scattering can be measured using various
detection systems, such as camera and position sensitive

* stilgoe@physics.ug.edu.au

Proc. of SPIE Vol.

detector, and how these are incorporated into a system to
measure forces acting in a broad variety of systems
including biological and bio-medically relevant ones.

Figure 1: Model and simulation of an optically trapped
particle in a highly focused laser beam. Cones depict
relative magnitude of optical force. Ellipsoidal patch
shows the distribution of particle location under Brownian
motion. 3D contours represent the equipotential of
intensity of a laser beam.

11141 1114101-13
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2. Applications to biology

In the years since their first demonstration optical
tweezers have been used to manipulate organelles®, and
measure molecular motions, such as the compliance of
flagella® and kinesin stepping®. Optical tweezers have
been particularly successful in the realm of biochemistry
and have been used to precisely measure DNA, protein
and enzyme function®. An optical tweezers ability to
remotely, and without contact, manipulate has been
essential to these experiments and applications. We cover
the large range of methods used to illustrate the range of
capabilities of the optical tweezers technique.
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Figure 2: Digital micrograph of Chinese hamster ovary
(CHO) cell and optical forces acting on it as a function of
position. The overall spherical shape gives a net trapping
force, relative changes of individual parts of the cell can
be both manipulated and measured with optical tweezers.

3. Current work, our work and future directions

We have been using optical tweezers in a number of
applications with particular emphases on measurement of
optical torque and rotation. This enabled measurement of
viscoelastic properties in biologically relevant systems.
We also have been concerned with developing methods
for using optical tweezers in in-vivo studies of model
systems such as zebrafish and combining these with
relevant imaging modalities to study in details neuronal
systems.

The capabilities of optical tweezers are continually
being extended, being now able to trap with greater

degree of control over optical forces”®, deeper into the

9,10

system®!?, with precision'', and with measurement

beyond spherical particles to irregular and deformable

particles'>!3,
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be
considered for measurements inside cells, studies of

Future application of optical tweezers will

biological swimmers and their characterization.
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Abstract

Mechanics of living cell interior are governed by cytoskeletons and cytosol. They are extraordinarily heterogeneous
and their physical properties are strongly affected by the internally generated forces. In order to understand the out-of-
equilibrium mechanics, we have developed a method of microrheology using laser interferometry and optical trapping
technology. This method allowed us to probe mechanics and dynamics in living cells with a high spatio-temporal
resolution. Microscopic probes in cells are stably trapped in the presence of vigorous cytoplasmic fluctuations, by
employing smooth 3D feedback of a piezo-actuated sample stage. To interpret the data, we present a theory that adapts
the fluctuation-dissipation theorem (FDT) to out-of-equilibrium systems. We discuss the interplay between material

properties and non-thermal force fluctuations in the living cells that we quantify through the violations of the FDT.

Keywords: optical trap, laser interferometry, microrheology, cell mechanics

I Introduction

Microrheology (MR) is a method to investigate the
mechanical response of soft materials at microscopic (~
um) range. This technique enables us to measure the
viscoelastic properties of the surrounding medium by
tracking the motion of imbedded, micron-sized tracer
beads [1]. One of the standard implementation of this
method is active microrheology (AMR) where tracer
beads are actively manipulated with an external force.
Then we measure the displacement response of the beads,
from which we obtain the viscoelasticity of surrounding
media. The other method is passive microrheology
(PMR) that passively tracks the imbedded bead's thermal
fluctuations. PMR can provides material’s rheological
properties only at equilibrium since it relies on the
fluctuation-dissipation theorem (FDT) to estimate the
response function of the probe. Whereas FDT is satisfied
only at equilibrium conditions, by comparing the result
with PMR to AMR, we can estimate how strongly the
system is driven out of equilibrium [2-5].

IT MR with optical trap and laser interferometry

Conventional active/passive microrheology has been
typically performed using laser interferometry and optical
trapping [1]. Laser interferometry (LI) is a technique to
detect the position of the probe particle by illuminating it

with a probe laser and measuring the interference pattern
made between un-scattered and scattered lights [6].
Another laser (drive laser) is tightly focused on the same
probe to trap it. Manipulating the focus positions, the
arbitrarily controlled optical-trap (OT) force is applied to
the probe. Both techniques (LI and OT) require keeping
the probe well inside the sub-pm-sized tightly-focused
laser spot.

QPD
Jeep
Fig. 1: Schematic illustration of laser interferometry. Image

of the interference pattern at the back focal plane (BFP) was
projected on to the quadrant photodiode (QPD).

In living cells, mechanoenzymes such as motor
proteins create vigorous flows and fluctuations. The
probe particle then moves out of the laser focus within
the experimental time period. Although strong optical
trapping force is able to retain the probe in the focus, a
probe trapped in a strong optical potential does not
properties

display the mechanical of surrounding

materials.
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III Feedback-tracking active microrheology

To overcome these issues and perform MR in active
environments (typically in living cells), we developed
optical-trap-based MR  implemented with three-
dimensional feedback-controlled sample stage [7]. The
stage is manipulated by a piezo-mechanical sample stage
to cancel large and slow movements of a probe particle so
that high-bandwidth, large dynamic-range MR can be
performed even in vigorous fluctuations e.g. HeLa cell.

The position of the sample stage u,,,, is controlled by

stage

the PID feedback as below. Probe position from the laser

focus u,,, measured by LI is used to control the piezo

D
position as
e () =1/ [yt 1)
where 7 (set at 10~100 ms) is the delay time for the
feedback response of our experimental setup. Since the
total displacement u of the probe in the sample is given as
(Fig. 2), eq. (1) yields frequency response

U=Uypp +U

relation:
i =(-iwty,,, =1=1/iot)iy,, . )
Hereafter, ” denotes the amplitude of the sinusoidal signal.
Probe particles are manipulated by a sinusoidal lateral
oscillation of the drive laser focus whereas the probe laser
is stationary. The optical trapping force applied to the
probe particle by drive and probe laser is
k,Lexp(—iax)—(k, +k, )uy,, , where kg, k, refer to the trap
stiffness of the drive and probe laser respectively. L is the
amplitude of the drive laser oscillation. The Langevin
equation for the probe particle under feedback control is
then written as
Kty (1) | (=) ()=, (Le™ —at (1) + £ (0) 10
3)
where u(r) denotes the velocity of the probe in the
coordinate system traveling with the feedback-controlled
piezo stage. ((r) and f(r) are the thermal and non-
thermal forces respectively, and y(r) is the friction
function.. The Fourier transform of the ensemble or time
average of eq. (3) yields the frequency-dependent

response which we rewrite as
(@)™ =ity (@) + (il (@) = (@) F (@) = (, + , ity (@))]
“)
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where F(w)=k ,L . The superscript FB denotes the total
displacement when the position of the piezo stage is
feedback controlled.

(B)

Lexp(ior)
Feedback
loop (x, y}
G
usluge u;}&w
Probe
Probe laser  Drive laser

Fig. 2: (A) Schematic of the feedback-tracking microrheology
setup. (B) Displacements of a probe and laser positions.

We define the “total” response of the probe movement
to the wiggling force applied by the drive laser under the
feedback control as 4, =(i(w)” /F(w) . By using this
definition and substituting eq. (2) into eq. (4), we obtain
the relationship between 4,,(w) and intrinsic response
function of a probe in the same media a(w) (i.e. response
without trap) as

()™ _ o)

A= ) T @)’

®)

where f=(k,+k,)/(1-iwr) is the parameter describing
the correction under feedback. a(w) is then obtained from
the total displacement as

4, (i(w))"”
— B =— - 6
a(w) 1~ B4, (@) F(w)—ﬁ(zi(w)) (6)
The shear viscoelastic modulus G(w) of the

surrounding material is then obtained via the Einstein-
Stokes

G(w) =1/ 6ma(w)a where a is the radius of the probe.

relation extended to frequency response,

III Cell mechanics during cell-cycle progression
As a typical application of the developed technique, we
performed feedback-tracking active microrheology in
HeLa cervical cancer cells. HeLa cells were seeded in the
glass-bottom dish and incubated until epithelial-like
sheets were formed. 2a = Ipum melamine particles

(microParticles GmbH) coated with polyethelene-glycol
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polymer brush were bombarded into cells with GeneGun
(Biorad, 1652257J1).

In Fig. 3, we show shear viscoelasticity of the cytosols
in HeLa cells as a function of frequency. We observed
that the approximate power-law relation G(w) o< (iw)*® 1is
satisfied in the wide range of frequencies. This response is
in contrast to the cytoskeletal networks, for which elastic
plateau response [ G(w) < (iw)’] at low frequencies and
G(w) = (iw)”* at high frequencies have been typically
observed for in vitro [2] and in vivo [7]. Recently, the
anomalous viscoelastic response [ G(w) =< (iw)*’ ] observed
in living epithelium was attributed to the dynamics of
cytosol rather than cytoskeletons [7, 8]. In cells, various
soft colloids, such as macromolecular assemblies,
organelle, etc, are present at their highly condensed state.
At the same time, they are forcedly fluidized because of
the non-thermal mechanical energies originated from the
active metabolism. In this sense, living cytosol is a typical
representation of active colloidal glass, which is a current

focus of study in the nonequilibrium statistical mechanics

rere

| | 1 1 1 L
10" 10" 10" 100 100 10
Frequency [Hz|

Fig.3: Shear viscoelastic spectrum of HeLa. Fucci2 cells
in G1 and S/G2 phases.

field.

The HeLa cells used in this study (HeLa. Fucci2) were
labelled with Fucci system that enables to identify G1 and
S/G2 phases during the cell-cycle progression, by the

fluorescence color in the cell nucleus [9]. We found little

OPTICS & PHOTONICS International Congress 2019

dependence of rheology during the cell-cycle progression.
Although G(w) in S/G2 phase seems to be slightly
increased, we believe this artifact. In this experiment,
cells in Gl phase were subjected to microrheology
experiments continually until they proceed to S/G2 phases.
The feedback-tracking microrheology technique allows us
to perform experiments with less than 1 mW laser. For the
sake of technical convenience, however, several mW laser
was illuminated to the probe particle. We recently found
that such prolonged exposure to several mW laser affects
the probe response (data not shown).

In this study, cells in S, G2 and G1 phases were studied
with microrheology. Cells in M Phase could exhibit
mechanical properties largely different from other phases.
However, M phase cells are rare to find and could be
easily eliminated by observing the structure of nucleus
under the microscope. Therefore, the finding in this study
(little dependence of intracellular rheology on cell-cycle
progression from Gl to S/G2) allows us to investigate
mechanics of cell interiors without strong concern on their

cell-cycle dependence.
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Abstract

Differential phase contrast (DPC) microscopy is a well-known methodology to recover phase image of transparent
specimen under multi-axis intensity measurements. We propose a novel illumination method to achieve isotropic
differential phase contrast(iDPC) efficiently and meanwhile improve the accuracy and stability of phase recovery
effectively. Our iDPC system is an add-on module setting on the commercial inverted microscope, using a programmable
TFT shield to control the illumination pattern. We demonstrate our theoretical approach for iDPC and experimental
results by using radial asymmetric pupils to show our accuracy on phase recovery. Besides, we also implemented the new
illumination pattern with multiple wavelengths to achieve the same circularly symmetric phase transfer function result in

high-speed operation.

Keywords: isotropic differential phase contrast; asymmetric pupil; phase recovery; multiple wavelengths

I Introduction

Differential phase contrast(DPC) microscopy[1] based
on asymmetric illumination has long been used to retrieve
high-resolution qualitative image of a phase specimen.
Typically, in DPC techniques, a half-circle pupil with 2-
axis measurements along vertical and horizontal
directions is utilized to reconstruct quantitative images of
weak phase samples (i.e. cells). However, some artifacts
are produced in the process due to the missing
frequencies of phase reconstruction since DPC transfer
function is not circularly symmetric with only 2-axis
Therefore, DPC

measurements along twenty-four different angles[2] has

measurements. using  12-axis
been reported recently to obtain missing frequency
information such that DPC transfer function becomes
additional DPC

measurements along other axes can significantly improve

circularly symmetric, and thus
stability and accuracy for quantitative phase recovery.
Here, we present a new approach by using radially
asymmetric pupils[3,4] in engineered illumination to
acquire pair-wise images for phase recovery and
efficiently achieve circularly symmetric transfer function
under partially coherent condition.[5] In contrast to

conventional DPC using 2 axis measurements, our

isotropic DPC does not have missing frequency issue.
Besides, compared to the half-circle based DPC method

using 12-axis, our approach provides equivalently
symmetric  transfer function with only 3-axis
measurements.

II Theory

By using isotropic differential phase contrast method,
we can utilize weak object transfer function to separate
the phase from intensity and achieve quantitative phase
measurement by pair-wise images[1,2]. Our system can
be interpreted by Fourier optics. We use the TFT shield to
control our radially asymmetric pupils, so under
incoherent illumination condition, the resultant intensity

captured on the camera can be written as[2]

1(r) = [ [IF{F[BQ,D] - [PW*d*y, €Y}

where F donates the Fourier transfer function and u and r
denote spatial coordinates (x, y). I is the intensity on the
camera and P is the pupil function in the objective lens.
The transmission function of specimen can be presented
as O(r)=exp(-a(r)+i¢(r)) , where (r) denotes the spatial
coordinates (x, y) , () is attenuation factor, and ¢(r) is the

optical phase. Under a weak object approximation, the
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intensity of a weakly scattering specimen in the Fourier
space can be written as [6]

I(u) = thase ' $(u)+ Hamp “d(u) + ﬁb ' S(u), (2)

where u, ¢(u) , and a(u) represent as spatial frequency
coordinates, phase and absorption of the specimen
respectively. Therefore, the expression for ﬁphase can be

written as [7]

phase =

. J-f S)P(u' +u)P’(u)d*u

J , 3
- ff SU)PW)P"(u-w)d?u'

I Experiment Setup and Results

In Figure 1, we compare a conventional half-circle pupil
with a radially asymmetrical pupil in illumination to see
their numerical results of different intensity computed by

transfer function (X;|Hppase » |2) in multiple axes(x=1,2,3).

Besides, in Figure 1(g,h), we can see that by using our
radially asymmetric pupils, we can achieve circularly
symmetric intensity of transfer function with only 3-axis
measurements, which can be viewed as direct evidence of
avoiding artifacts of missing frequencies for phase
reconstruction.

Difference
between
intensity of
transfer
functions

x=1

. B [}

Half-circle pupil o o I

0

]

, (@) [ |
Radially O o

asymmetric I
pupil {

Z |ﬁphase,x|2
i
x=1,2 x=1,2,3
(b) | m@ 1 ul )
I(, Iu -0.25
(e) [ B ) B 'l 012
@ i @ i

Figure 1. Simulation results of intensity of transfer

function (Z;|Hphase x |2) along different axes.

Figure 2 is a schematic diagram of the proposed iDPC
system setup with the thin-film transistor (TFT) shield
located on the Fourier plane of the condenser lens. The
TFT shield is controlled by Arduino to show pair-wise

OPTICS & PHOTONICS International Congress 2019

radially asymmetric patterns along three different axes.
Each pair of images generates a differential phase contrast
image, which is utilized to reconstruct quantitative phase
information and largely reduce phase reconstruction
artifacts of missing frequencies.

Light
source \
1
1
Amplitude [
Pattern !
i
1
Condenser !
i H
1
Specimen ! !
| |
! |
| |
Objective ! !
« i i
| |
Tubelens [ | 1
v i i
| i
Color \ f)
Camera EI . X >

Figure 2. Schematic of our iDPC system setup, using a

TFT shield as a programmable aperture.

Figure 3 shows quantitative phase images of live 3T3
mouse fibroblasts cells generated by computationally
reconstruct three pairs of DPC images. The color bar in
gray scales represents quantitative phase recovery of the
cells, and the detailed information of live cells can be
clearly observed from the image.

Computational phase reconstruction

Figure 3. Quantitative phase images of live 3T3 mouse

fibroblasts cells obtained using our iDPC system.

IV Future Work
Figure 4 We combine our radially asymmetric pattern
with multiple wavelengths to shorten image acquisition
time. However, different color spectrums may overlap on
camera sensor, which is known as “color leakage”
problem. This phenomenon will let the information of
different color channels mix together and reduce the
accuracy of reconstructed images significantly. In order to
lower down the influence of color leakage problem, we
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choose the red and blue color in our pattern. The spectrum
of red and blue is more separated than the combination
with green, so that the visibility of specimen in the
unprocessed image can be expected to be higher.

ny

3 -axis approach
Combined with multi-wavelength

3 -axis approach
Radially Asymmetric pupil

13
€%

Figure 4. Combine our radially asymmetric pupil with

different wavelengths based on the same isotropic

circularly symmetric transfer function result.

Figure 5 (a)The quantitative phase image of 10 pm
the
asymmetric pupil with 3-axis measurement after color

microspheres  using multi-wavelength  radially
leakage correction. (b)Measured phase distribution of the
cross-section along the dashed lines of a zoomed-in
microsphere at the solid box region of (a) The scalar bar

is 50 um.
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Figure 5. The quantitative phase image of 10 pm

microspheres and the cross-section phase profile
V Conclusions

We have demonstrated the capability of iDPC to
acquire quantitative phase images of label-free cell
sample by using radially asymmetric pupils. The proposed
iDPC shows isotropic intensity of transfer function, using
with
configuration as well as programmable TFT shield. The

three-axis ~ measurements compact  system

OPTICS & PHOTONICS International Congress 2019

improvement of accuracy of phase recovery and stability
using iDPC has potential to contribute to future study of
biophotonics. ~ Furthermore,

radially ~ asymmetric

illumination can be implemented wusing multiple
wavelengths to obtain quantitative phase images to
achieve circularly symmetric phase transfer function, in

high-speed operation as well.
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Abstract

Mitochondria are major energy resources in cell. These highly dynamic organelles are constant fusion and fission
inside of cell, especially while cells are at mitotic status. Fusion and fission of mitochondria allowed the inheritances
(mitochondrial DNA; mtDNA) and mitochondrial proteins could be exchanged between mitochondria. Sharing the
inheritances and mitochondrial proteins is necessary for mitochondria to maintain mitochondrial function. Here, we
investigated dynamic of mitochondrial proteins during mitochondrial fusion and fission. We genetically expressed
photoswitchable proteins (Dendra2)' into mitochondria and optically monitored the inter-mitochondrial distribution of
Dendra2 by lightsheet microscopy”. The advantages of lightsheet microscopy, low phototoxicity and fast image speed,
make it possible to detect the fusion/fission events of mitochondria during mitosis. We observed that the small portion of
photoswitched Dendra2 was transmitted to the whole cell within 15 minutes.

Keywords: lightsheet microscopy, mitochondrial protein, mitosis, Dendra2, photoswitch

L. Introduction
Frequently mitochondrial fission and fusion
(mitochondria dynamics) is one of mechanisms for
mitochondria to control the functional quality of
mitochondria®*. The protein synthesis at cytoplasm would

be imported into mitochondria via a recognition sequence.

Targeting signals are usually removed once the protein
has reached its correct inter-mitochondrial location.
Furthermore, mitochondria also have their own
mitochondrial DNA (mtDNA) and could synthesize
peptides inside of mitochondria. For both types of
proteins, they could be inter-mitochondrially redistributed
via fusion and fission.

Mitochondrial matrix, lumen inside of inner
mitochondrial membrane, is where metabolic process
occurs. There are hundreds of enzyme and proteins
required for tricarboxylic acid cycle, urea cycle, and
apoptosis cascade and so on. Fusion and fission of
mitochondria can result in mitochondrial matrix proteins
transferred within mitochondria®®. In addition, damaged
proteins and mutated/damaged mtDNA would be
asymmetrically segregated into two daughter cells during
cell division™. Therefore, asymmetry division of mitotic
or meiosis cell would generate a mixture of mtDNA'*!
within the daughter cells. Mechanisms of asymmetric
division and excluding aging/damaged mitochondria
regulate stemness preservation of stem cell and
multipotency of neural progenitors'>">.

Since asymmetry division and fusion/fission play
crucial roles in controlling cell function, we are
wondering how mitochondria transfer their matrix
proteins to mitochondria through fusion and fission. Also,

Proc. of SPIE Vol.

mitotic cells turn into sphere, which become a hindrance
for live imaging. To solve this problem, we overcame the
obstacles of live imaging requirements by lightsheet
microscopy. Increasing spatiotemporal resolutions and
reducing phototoxicity to specimen allow us to observe
several dynamic subcellular processes without sacrifice of
substantial spatiotemporal resolution. By combining with
photoswitchable fluorescent proteins, Dendra2', we could
monitor  the  inter-mitochondrial ~ dynamics  of
mitochondrial proteins during the cell division process of

mitosis.

Mito-Dendra2
Mitochondrial

targeting sequence

D

- OO

Transport

Fission

Mitochondria
(Filled with Dendra2)

s

photoswitched ~_ N
1

Fusion
Lateral diffusion
—~ D
e
Mitochondria

(Filled with Dendra2 and
photoswitched Dendra2)
Figure [llustration of mito-Dendra2 targeting into

mitochondria and photoswitched by optical approach.
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I1. Body

In order to monitor how the mitochondrial matrix
proteins shuttle between mitochondria, we generated a
stable cell line with constant expression of Dendra2 in the
mitochondrial matrix (Figure 1). The mitochondrial
targeting of Dendra2 are achieved by tagging the
mitochondrial matrix targeting sequence on Dendra2
(mito-Dendra2)'®. The mitochondrial targeting sequence
would lead the mito-Dendra2 shuttling between
mitochondria and imported into mitochondrial matrix
(Figure 1). After the correct transport of mito-Dendra2,
the targeting sequence would be removed by the
mitochondrial enzyme. The mitochondria filled with
mito-Dendra2 could be observed by green fluorescent.

To optically mark a portion of mito-Dendra2, the
laser 405 nm were applied on the localized area of cell
(Figure 2A). The exposure to 405 nm laser would switch
the mito-Dendra2 from green to red fluorescent. This
results in a mixture population of mito-Dendra2 within
mitochondria (Figure 1 and 2). In the figure 2, a
redistribution of optically labeled mitochondria with red
mito-Dendra2 was observed before the cell entry into
metaphase/anaphase. These indicated a rapid exchange
and diffusion of mitochondrial material before the cell
division. Asymmetry division was observed after the
cytokinesis (unpublished data). Taken all together, our
data indicated that we could combine the lightsheet
microscopy and the optically labelling approach to mark a
small population of mitochondria and monitor the
dynamics of mitochondrial materials within mitochondria
during mitosis.

To further quantify the dynamic of photoswitched
mito-Dendra2, we generated a 3D mask to cover all
mitochondria (Figure 3A). The 3D mask was used to filter
the mito-Dendra2 signals; the photobleaching rate of live
image was calculated from the masked green and red
signals (Figure 3A). The total intensity of green
mito-Dendra2 was gradually decreased (Figure 3B); the
photoswitched mito-Dendra2 show slight decay during
imaging. We adjusted the intensity decrease by
photobleaching correction. The corrected intensity were
used for calculating the 560/488 ratio (Figure 3C).

The ratio of 560/488 signals were shown in gray
scale (Figure 3D); the ratio signal was gradually diffused
from photoswitched area to distal area. To visualize the
spatio-temporal change of 560/488 ratio, a color-coded
ratio were demonstrated (Figure 3E). In addition, we
extract a small region of phtoswitched area to analyze the
change of ratio (Figure 3F). We could observe a
decreased ratio while the photoswitched mito-Dendra2
diffused and redistributed into distal area (Figure 3C).
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After Dendra2

Dendra2 Photoswitching

T=0

T=125

T=467

Figure 2. The 3D live images of mitotic cell with
green fluorescent mito-Dendra2. A portion of mito-Dendra2

were photoswitched into red fluorescent (Magenta) by 405

nm laser, as the horizontal lighsheet be illuminated at the
central of cell. The time point of 125 shows the
mito-Dendra2 which are redistributed and spread into whole
cell. The end of time point (T=467) shows the segregation of
mitochondria is . Maxima
intensity projection of 3D z-stack is shown; images are
deconvoluted. Time (T) interval sec.
As for the region without exposure to

photoswitching (Figure 3G), the redistribution of
mito-Dendra2 results in an increase of ratio. According to
these results, we could analyze, track and quantify the
subcellular dynamics and redistribution of mitochondrial
proteins during cell division by lightsheet and optical
labelling.

I1I. Results and Discussion
A detailed dynamic of mito-Dendra2 within single
mitochondria would be quantified. These would improve
our understanding about mito-Dendra2 diffusion and
exchange by mitochondrial fusion/fission. Specific
mitochondrial proteins with Dendra2 tag would be
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studied. These investigations would reveal the correlation
of mitochondrial proteins/inheritances and cell division.
This research might expectantly increase the
understanding of mitochondrial function and pathology of
mitochondrial diseases in the future.
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Ultrafast force-clamp spectroscopy: dissecting the mechanosensitivity

of biomolecule interactions on the microsecond time scale
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Abstract

In the last few decades, force has emerged as a fundamental regulatory factor for cell life. The measurement of how
force modulates biomolecular interactions is fundamental for the understanding of a large number of different biological
processes. We developed a constant-force laser trap that allows us to investigate molecular interactions and sub-
nanometer conformational changes occurring on a time scale of few tens of microseconds. The technique, named ultrafast
force-clamp spectroscopy, has been applied to study load-dependent interactions between a biological polymer (DNA,
actin, microtubules) and a binding protein. Here, I will review implementation of our technique to the study of the
mechanosensitivity of molecular motors and transcription factors during target search along DNA.

Keywords: optical tweezers, molecular motors, single molecule biophysics, mechanotransduction, DNA target search
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I Introduction

Atomic force microscopes, optical tweezers, and
magnetic tweezers have enabled the study of a wide range
of molecular processes in which force plays a crucial
role. However, they are usually inadequate to probe the
dynamic interactions that occurs during transduction of
mechanical signals on the millisecond and sub-—
millisecond time scale!?*. We developed a constant-force
laser trap that allows us to investigate molecular
interactions and sub-nanometer conformational changes
occurring on a time scale of few tens of microseconds*>.
The technique, named ultrafast force-clamp spectroscopy,
has been applied to study load-dependent interactions
between a biological polymer (DNA, actin, microtubules)
and a binding protein.

II Body
1. Molecular Motors
Ultrafast force-clamp spectroscopy is particularly

useful in deciphering the mechanochemistry of molecular

motors. Mechanical transitions in molecular motors often
occur on a submillisecond time scale and rapidly follow
binding of the motor with its cytoskeletal filament.
Interactions of nonprocessive molecular motors with their
filament can be brief and last for few milliseconds or
fraction of milliseconds. The investigation of such rapid
events and their load dependence requires specialized
single-molecule tools. Ultrafast force-clamp spectroscopy
is a constant-force optical tweezers technique that allows
probing such rapid mechanical transitions and
submillisecond kinetics of biomolecular interactions,
which can be particularly valuable for the study of
nonprocessive motors, single heads of processive motors,
or stepping dynamics of processive motors®. We applied
our technique to reveal the mechanosensitivity of the
working stroke of non-processive skeletal muscle myosin*
and to dissect the mechanosensitivity of the processive

motor myosin-5BS.
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2. DNA binding proteins and the DNA target search
process

The maintenance of intact genetic information, as well
as the deployment of transcription for specific sets of
genes, critically rely on a family of proteins interacting
with DNA and recognizing specific sequences or features.
The mechanisms by which these proteins search for target
DNA are the subject of intense investigations employing a
variety of methods in biology. A large interest in these
processes stems from the faster-than-diffusion association
rates, explained in current models by a combination of 3D
ID diffusion’.
approaches

fluorescence
the
characterization of protein— DNA interactions aiming at

and Single molecule

are particularly amenable for
the direct measurement of diffusion constants and the
characterization of sequence- dependent processes along a
DNA molecule®’.

vulnerable to

However, fluorescence detection is
which the
observation time, and low signal, which limits the

photobleaching, limits

localization precision attainable in single molecule
tracking measurements. We studied the mechanism of
DNA target search by a single lac repressor protein (Lacl)
with ultrafast force-clamp spectroscopy, attaining sub-
millisecond and few base-pair resolution'®.
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Abstract

For the purpose of artificial control in synaptic transmission on neuronal cells with optical trapping, we demonstrate
optical trapping with resonance effect of nanoparticles and cell surface molecules by simultaneous irradiation with non-
resonance and resonance laser beams. The average transit times of quantum-dot (QD) suspensions increased by the
simultaneous irradiation with NIR laser and resonance laser, suggesting that single QD was more constrained at the focal
spot due to optical trapping potential enhanced with resonance laser irradiation. Moreover, we applied the resonance laser
effect to manipulate QD-conjugated AMPA-type glutamate receptors on neuronal cells.

Keywords: optical trapping, resonance effect, neuronal cell, quantum-dot

I Introduction single nanoparticle in solution. However, highly
concentrated nanoparticles or polymers in solution can be
Neuronal cells formed complex networks and )
. . . . trapped and assembled at the focal spot, which has an
communicate  via  synaptic  connections. = When . . . . . .
. o attractive potential in localized perturbation into
neurotransmitters it binds to such as glutamate are ; .
. ) molecular dynamics at cell surface. In order to realize
released at excitatory synapses, AMPA (o-amino-3- . . . . . .
: .. ) optical trapping of single nanoparticles in solutions, the
hydroxy-5-methyl-4-isoxazolepropionic ~ acid)  -type . . .
s enhancement of optical trapping force with surface
glutamate receptors (AMPARSs) located on neurons bind
. . plasmon resonance [3] and resonance effect based on
to the glutamate and mediate the post-synaptic . . i
. ) ) nonlinear optical responses [4] have been demonstrated in
depolarization. The molecular dynamics of AMPAR is . .
) i o recent studies. In this study, we propose and demonstrate
essential for synaptic plasticity and subsequent ) i ) )
. L . optical trapping with resonance effect of nanoparticles
modulation in living neuronal network, related with

memory and learning [1]. For aiming artificial control of

the synaptic transmission, we have applied optical Neuronal cell
AMPA-type glutamate U8
receptor (AMPAR) !

trapping using a focused near-infrared (NIR) laser to Quantum-dor (QD)

>
manipulate the AMPARs on neurons. We have been (*é\ﬁ o )
reported that optical trapping dynamics of quantum-dot .X/Pr i
(QD) conjugated AMPARs on neurons depended on Mt
initial assembling state of AMPARs [2]. @ o é +

| Post-synapse

Near-infrared (NIR) laser beam

Resonant laser beam

(A=488 nm)

Optical trapping enables non-contact and non-

destructive manipulation at the laser focus. Since optical Figure 1. Schematic images of optical trapping of QD-
trapping potential depends on particle size and the AMPARs by simultaneous irradiation with NIR laser (A:
polarizability, it is generally difficult to trap stably a 1064-nm) and resonance laser (A: 488-nm).

*hosokawa(@sci.osaka-cu.ac.jp; phone +81 6605-3700
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and cell surface molecules on neuronal cells by
simultaneous irradiation with NIR laser for conventional

optical trapping and resonance laser beams (Fig. 1).

II Materials and Methods

1. Sample preparations and neuronal cell cultures

Quantum-dot (QD: CdSe/ZnS nanocrystal) whose
diameter was 10—20 nm and had a peak emission
wavelength of 655 nm was used as samples. QD
nanoparticle suspensions diluted in distilled water at the
concentration of 1 nM was dropped on a glass substrate
and enclosed with a coverglass.

Rat hippocampal neurons were isolated from 18-day-
old embryos of a Wistar rat, dissociated by treatment with
0.01% trypsin, and plated at a density of 1.8x10° cell/mm’
in a glass-bottomed dish. The dissociated neurons were
maintained at 37°C in a humidified atmosphere containing
5%CO, and cultured for 20—24 days in Neurobasal
medium. For visualization of AMPARs at cell surface of
living neurons, cells were incubated with a mouse
anti-AMPAR GluR2 antibody,
followed by secondary incubation with a QD anti-mouse

monoclonal subunit

IgG antibody conjugates.

2. Experimental setup

A 1064-nm laser beam from cw-Nd:YVO, laser for
conventional optical trapping and a 488-nm DPSS laser
beam for resonance effect were introduced into an
inverted microscope and focused onto QD suspensions or
QD-AMPARSs on neurons using a 100x oil-immersion
objective lens (N.A. 1.3). Light from a mercury lamp
transmitted through a band-pass filter (WIG; BP
530—550 nm) was used to excite QD-AMPARs on
neurons. Fluorescence images were captured by EM-CCD
camera. Alternatively, fluorescence emission at the laser
focus was detected by an avalanche photodiode and
acquired by fluorescence correlation spectroscopy (FCS)
analysis.

I1I Results and Discussion
When a NIR laser for non-resonance with the laser
power of 300 mW was focused on QD nanoparticle
suspensions, two-photon excitation fluorescence of QD
was measured at the focal spot and autocorrelation
function (ACF) curve of the fluorescence intensity was
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Figure 2. Typical normalized ACF curves of fluorescence
intensity of QD-AMPARs at the laser focus on neurons
(20DIV) with (blue) and without resonance laser irradiation
(red). The NIR laser power and resonance laser power was
300 mW and 1.5 pW, respectively.

obtained. The average transit time p of QD nanoparticle
was obtained to be 1.4£0.16 ms (N=10), which was in
good agreement with the calculation of 7, derived from
the diffusion coefficient. This suggests that the diffusion
property of QD was not affected by optical trapping force
based on the NIR laser. In addition to NIR laser,
resonance laser with a wavelength of 488-nm under weak
laser power of 1.2 uW was focused into QDs suspended
in water, tp of QD nanoparticle was 11.6+£1.66 ms (N=10).
The 7p had tendency to increase with the laser power of
488-nm laser. This suggests that the particle dynamics of
QD nanoparticles is more constrained at focal spot due to
optical trapping potential enhanced with resonance laser
irradiation.

Furthermore, NIR laser at the laser power of 300 mW
and 488-nm laser at the laser power of 0—1.5 pW were
focused onto QD-AMPARS located on neuronal cell with
the culturing days, i.e. 20 days in vitro (20 DIV). When a
NIR laser focused into QD-AMPARs on neuronal cell,
fluorescence intensity gradually increased at the focal
spot, suggesting that QD-AMPARs were optically trapped.
For quantitative analysis of QD-AMPARs in an optical
trap, the mobility of them at the laser focus was evaluated
by FCS. The average transit time 7p, of ACF curves was
3309 + 935 ms (N=8). In addition to the NIR laser, 488-
nm laser was simultaneously focused into QD-AMPARSs
on neuronal cell. The average transit time p, increased
with the laser power of 488-nm laser (Fig. 2). These
results supported that the molecular dynamics of QD-
AMPARSs on neuronal cells became more slowly at focal
spot by the simultaneous irradiation with NIR laser and
resonance laser.
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IV Conclusions

The average transit time of QD nanoparticles
suspended in water or QD-AMPARSs located on neuronal
cells at the focal spot slightly increased by the
simultaneous irradiation with NIR laser and resonance
laser beam. These results concluded that the nanoparticles
dynamics was more constrained at focal spot due to
enhancement of optical trapping force based on resonance
laser effects.
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Abstract
We demonstrate optical trapping of single Cytochrome c proteins, using a plasmonic tweezers based on metallic
asymmetric nano-aperture arrays. We succeed in immobilizing single proteins with very low in-trap laser intensities. This
approach paves the way for selective single-molecule manipulation without labeling or tethering.

I Introduction

As one of the building blocks of life, proteins play
vital roles in almost all cellular activities. The study of
proteins and their function are critical due to their
association with diseases such as Alzheimer's,
Parkinson's, prions and tumors [1]. There already exist
many established methods which can provide valuable
information about the mean average state of protein [2].
However, a key benefit of single-molecule techniques
is their ability to acquire physical properties of interest
from individual protein data and build up a picture of
the underlying protein heterogeneity in the system
without the need for labeling or tethering [2].
Plasmonic trapping based on metallic nanostructures is
an attractive method for monitoring of proteins at the
single-molecule level in a label-free, sterile and free-
solution environment [3].

Here, we demonstrate three-dimensional optical
trapping of a single-protein using plasmonic tweezers
by employing low trapping laser intensity. The
plasmonic tweezers is based on a unique metallic
asymmetric nano-aperture array, with each aperture
being separated by a nanoslot [4]. The plasmonic
tunability of the

resonance in the near-infrared region offering single-

structure provides great Fano
particle trapping with high selectivity and specificity.
Single Cytochrome c¢ proteins, with a hydrodynamic
radius of 1.5 nm, have previously been trapped [5],
using a laser wavelength of 980 nm. Our work
presented herein, demonstrates the potential of using
metallic nano-aperture structures for the controlled

optical manipulation of biomolecules and their

"Corresponding author: sile.nicchormaic@oist.jp
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identification or quantification in heterogeneous

environment based on their size and/or refractive index.

IT Experimental set up

The optical trapping setup was reported in our earlier
works [6,7]. Briefly, the experimental arrangement is
based on a modified Thorlabs optical tweezers kit
(OTKB), see Fig. 1.

Plasmonic Tweezers System

—_—

Objective Lens _.-

am—a

Glass substrat: Trapped-protein

o
,'/‘
Au nanostructure
~
Spacer well =
Coverslip Immersion oil

Objective Lens —

Laser !eam

A =980 nm

Buffer
solution/protein

Figure 1. Schematic of the plasmonic tweezers setup.

A Ti:Sapphire laser at 980 nm was used to generate
the optical trap. The beam was focused onto the sample
though a 100x microscope objective lens with high
numerical aperture (N.A. = 1.25). For the trapping
sample, we prepared a solution of Cytochrome c protein
with a molecular weight of 12 kDa in phosphate-
buffered saline solution (pH = 7.0) [5]. The transmitted
light through the plasmonic device was collected using
a condenser microscope objective (N.A. = 0.55) and
measured by a silicon-based avalanche photodiode. The
trapping events were recorded as discrete transmission

>10%) of the laser power through the plasmonic
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nanostructures. The plasmonic structure was fabricated
on a 50 nm thickness gold layer using focusing ion
beam, details of which are published in our previous
works [4,6,7].

III Results and Discussion

In previous work, we demonstrated trapping of single
particles with 30 nm diameter using a gold plasmonic
nanohole array [6]. Figure 2 shows a time trace of the
transmission signal of the trapping event, displaying the
distinction between the untrapped (black line) and
trapped (red line) stage.
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Figure 2. Time trace of the optical transmission signal using

the nanoaperture array to trap single polysterene particle [6].

The distinct jump in the transmission signal during
the trapping process has an interval time equals to 3
msec as shown in the inset of Fig. 2.

Improving our past successes [7], we recently
trapped single proteins using an asymmetric
nanoaperture array. Figure 3 shows a trapping event for
a single protein using an incident laser intensity of 0.29
mW/um?. The intensity fluctuations in the trapped state
could be due to the differences in size, shape, or
orientation changes in the protein within the plasmonic
trapping potential. In this work, both the autocorrelation
and the trapping transient analyses were used to
determine the trap stiffness. The latter is related to the
drag force of the fluid as compared to the
autocorrelation analysis, which is based on thermal
fluctuations. For comparison reasons between our
approach and different works, we scale our
experimental trap stiffness values to a particle size of 10
nm for an incident laser intensity of 1 mW/um? We
obtain a scaled trapped stiffness of ~0.1 fN/nm for a 10
nm particle [7] which is comparable to that determined
for other plasmonic geometries [8].
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Figure 3. Trapping event of Cytochrome ¢ protein using the

asymmetric nanoaperture array.

Our plasmonic tweezers have the benefit of non-

destructive application when working with heat-
sensitive molecules, such as proteins, in their physical
environment, i.e. a buffer solution, without destroying
them. It is a promising and versatile tool for in vitro
optical manipulation at the single-molecule level.
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Abstract
We discover that optical vortex mode breaks into a rotating twin mode with two bright spots in bacteriorhodopsin
suspensions. The rotational direction of the twin mode was determined by the handedness of optical vortex. The rotation
speed was proportional to the square of the injected optical vortex intensity.

Keywords: bacteriorhodopsin, optical vortices, two photon absorption, singular optics, spatial soliton, modal instability

I Introduction

Optical vortex, possessing an annular intensity profile
and carrying an optical orbital angular momentum owing
to its helical wavefront, provides new fundamental and
applied sciences, including super resolution microscopy,
optical telecommunication, and optical manipulation [1].
In particular, it is noteworthy that the OAM of optical
vortex enables us to twist the irradiated material, such as,
silicon, polymer, and even liquid resin, to form a spiral-
shaped structures (we call it chiral structures) on a
nano/micro-scale [2-4]. The chirality of such structures
was also controlled by the handedness of optical vortex,
i.e. the twisting direction of the helical wavefront. In
recent years, a laser-induced biomaterial-waveguide, in
which the optical
cyanobacteria in suspensions inside the optical field to

radiation force collects the
form an optical waveguide, has been reported [5,6]. In
general, biomaterials, such as bacteriorhodopsin well
known as a light-driven proton pump, mostly exhibit a
helicity, however, there is no reports concerning the
interaction of helical biomaterials and helical optical
fields.

In this article, we report on the spatial symmetry
propagating  through
bacteriorhodopsin suspensions, in which optical vortex

breaking of optical vortex
mode is broken into a twin mode with two bright spots

and rotated toward a clockwise or counter-clockwise

direction, assigned by the handedness of the optical
vortex.

I Experiments

A 1 pm picosecond laser with a pulse width of 5 ps,
pulse repetition frequency of 40MHz, and an average
power of ~S0mW, was used as a laser source. The output
was converted onto a right-handed optical vortex with a
clockwise helical wavefront by utilizing a spiral phase
plate. The generated vortex beam was focused by using a
lens with a focal length of 50 mm onto a front surface of a
I-cm-long glass cuvette including bacteriorhodopsin
suspensions (concentration of ~10 uM diluted in a 16 %
NaCl solution) without any significant absorption in a
near-infrared region.

After the laser was on, the optical vortex mode was
broken into a twin mode with two bright spots, and it
rotated towards a clockwise direction. When the spiral
phase plate was reversed to generate a left-handed optical
vortex, the twin mode started to rotate towards counter-
clockwise direction (Figs. 1(a), (b)).

The rotation speed of the twin mode was approximately
proportional to the square of the injected optical vortex
intensity mode, as shown in Fig. 2. Also, the rotation of
the twin mode accelerated as the vortex pulse was
compressed to 3.5 ps (Fig. 2). These results indicated that
the symmetry breaking of the optical vortex was
originated from the nonlinear interaction between a
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helical optical field and a helical bacteriorhodopsin. In
fact, a NaCl solution without any bacteriorhodopsin
molecules never induced such symmetry breaking of the
optical vortex mode.

(a) "- o

» Time

Figure 1. Temporal evolution of a transmitted (a)
right- of (b) left-handed optical vortex through

bacteriorhodopsin (bR) suspensions.
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Figure 2. Rotation speed of the twin mode as a
function of an injected optical vortex intensity.

» Time

Figure 3. Temporal evolution of a transmitted optical

vortex in NaCl solution without bR molecules.

IIT Conclusion

We have discovered, for the first time, that helical
bacteriorhodopsin molecules break a spatial symmetry of
optical vortex mode into a rotating twin mode. The
rotational direction of the twin mode was fully determined
by the handedness of the optical vortex. The rotation
speed was proportional to the square of the intensity of
the injected vortex mode.
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Abstract

We investigate optical transport of nanoparticles at solid-liquid interface. The evanescent wave transports the particles
being bound at the interface, i.e., the degree of freedom of the particle motion is decreased. By motion analysis considering
Brownian motion, we find that such a restricted transport substantially improves the transport efficiency. In addition, we
show that single-particle absorption characteristics can be estimated from the transport distance spectrum to the incident light
energy. This method utilizes the fact that the transport distance of the particle depends on the light absorption of the particle,
and it is possible to directly measure the absorption characteristics of a single particle experimentally.

Keywords: optical manipulation, transport, counter-propagating waves, evanescent waves, absorption characteristics

I Introduction

Radiation force is caused by the interaction between
incident light and target substances, and there are two
types; one is a dissipative force that arises from the transfer
of light momentum to a substance by the absorption and
scattering, and the other is gradient force arising from an
electromagnetic interaction between incident light and
induced polarization.

The optical manipulation using radiation force for
micro-sized particles was theoretically proposed and
experimentally demonstrated by Ashkin et al. as optical
tweezers [1, 2], and that for atomic-sized particles was
experimentally demonstrated by Chu et al., as laser cooling
[3]. However, the manipulation of nanoparticles has been
a challenge because the magnitude of the radiation force is
approximately proportional to the particle volume in the
Rayleigh scattering regime, which prevents overcoming
the problems by the random force from environment. To
enhance the exerted force on particles, the manipulation
method using electric resonance phenomena has been
studied [4], and theoretically demonstrated in simple
conditions.

In this contribution, we study the optical manipulation
using the electric resonance effect for realistic situations.

*wada-2@pe.osakafu-u.ac.jp: phone 81 72 254-9268

For example, we consider the water and glass substrate, in
order to suppress Brownian motion by capturing particles
with the near field and limiting the degree of freedom of
particle motion to 2-dimensional space. With this system,
we demonstrate a selective transport of nano-particles,
which leads to a scheme to estimate the absorption spectra
of single nanoparticles by measuring the transport distance

II Theoretical Method
We use the following expression of the time-averaged
radiation force [5] as

(F(w)) = (1/2)Re{[ dr [VE(r,w)* - P(r,w)]}, (1)

where E and P are the time-harmonic response electric
field and induced polarization, respectively. The induced
polarization consists of the resonant part and the
background part. The former one can be written by the
following Lorentz model as

P() = 3wl (- ) E@), @)

wjtw+iy;
where p is the dipole moment, wj is the electric resonant

Wj—w=iy;

energy of target substance, w is the frequency of the
incident light and y; is the dephasing constant. In order to
calculate the latter one, background polarization Py, we use
Clausius-Mosotti law including the radiation reaction
effect as [6,7],

Proc. of SPIE Vol. 11141 1114101-34



OMC-1-05
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where &; and ¢, are the dielectric constants of the target
substance and surroundings, respectively and m = g, /¢,.
On the other hand, the incident evanescent wave at the
solid-liquid interface is given by

W2 2
E. =A.exp|—— [n§sin“0; —nix
c

+1i (% ngsin6;z — a)t)]. (6)

Here A, is the transmit electric field coefficient, n; and
n, are the solid and liquid refractive index, 6; is the
incident angle.

IIT Results and Discussion

As for the incident lights, we employ two counter-
propagating evanescent waves and consider the situation of
irradiating them on the glass-water interface (Fig. 1(a)).
The incident angle 6; is setto sinf; = 1.1 as to exceed
the critical angle.

As the targets, we assume the two kinds of particles of
nano-diamond; one has 300 NV-centers and another has no
NV-centers (Fig. 1(b)). Their parameters are as follows:
[Nano-diamond] The radius is 20 nm and the dielectric
constant is 5.7. [NV-center] The transition energy hw,;=
2.32 eV. The dipole moments for 1-2 transitions is 4.0
Debye, the dephasing constant is 20 meV.

-

P
\

Photon energy :2.305-2.335 [eV] :1.16 [eV] (fixed)
Intensity 1 5 [MW/cni] : 120 [MW/cni]
Polarization : TM mode : TE mode
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300 NV centers | pyiqicle 1 Particle 2

Figure 1. (a) The model of the counter-propagating
evanescent waves at the interface between glass and
water. (b) The energy diagram of assumed nanoparticles.

In Fig. 2, we show the trajectory of two particles by the
motion analysis. It can be seen that resonant particles
having NV-centers are swept to the right by resonant light
and non-resonant particles are swept to the left. It also
shows that the particles are bound to a plane. The arrows
indicate the direction of radiation forces; the red arrow is
F,, the force applied to the particle 1, the blue arrow is F,,
the force applied to the particle 2, the gray arrows are Fg,
the forces applied to the nano-diamonds and the yellow
arrow is F..g, the force applied to the NV-centers. To
summarize, it can be written as follows

Fi = Fres + Fbg (+Frandom)> (7

F, = Fbg (+Frandom)- )

Here, Frandom 1S the random force caused by Brownian
motion.

— 200 ’I‘rajectory. of

g 1 50 Fbg <—\ —  Particle 2

S 100

=

72

8 50

¢ o

X 5 0 5 10 15 20

z-position [um]

Figure 2. The trajectory of two particles for 5 seconds by
using the counter-propagating evanescent waves model;
the photon energy 1 is 2.32 eV. The red arrow indicates
the force applied to the particle 1, which is composed of
the background radiation force and the resonant radiation
force. The blue arrow indicates the force applied to the
particle 2, and it is equal to the background radiation
force. Two particles are bound to the plane by the
gradient force and subjected to the random force by
Brownian motion.
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In Fig. 3, we show the photon energy spectrum of the

transport distance of nano-diamond and the fitting curve by
Lorentz function. The distance is the average of the
differences between the distances of two particles
transported 5 seconds and 100 times for each energy of
incident light 1. As can be seen from the equations (7) and
(8), the differences between two radiation forces,
AF = F, — F, = Freq, ©)
depend on the resonant radiation force. From the egs. (1)
and (2), the force depends on the imaginary part of the
susceptibility representing the absorption of the particle.

(S}

& 01 O OO O N~
o1 ©O O1 © o1 O

40 | ; ; ; , . J
2.305 2.310 2.315 2.320 2.325 2.330 2.335

Photon energy1 [eV]

z-direction transport [pm]

Figure 3. The photon energy spectrum of the transport
distance of nano-diamond and the fitting curve by Lorentz
function. The resonance center w, = 2.320 eV and the
dephasing constant of the NV-center y = 19.79 meV are
obtained as fitting parameters. The original value we
assumed are w, = 2.320 eV and y = 20 meV.

Therefore, it is considered that the difference between the
moving distances of the resonant particles and the non-
resonant particles represents the difference in absorption.
In fact, when fitting the spectrum of the moving distance
with Lorentz function, the resonance center and the
dephasing constant of the NV-center are obtained as fitting
parameters, which are in good agreement with the original
values we assumed.

IV Conclusion

We have discussed the particle selective transport at the
interface between water and glass and theoretically
proposed a method to approach the absorption constant of
single nano-particles. Experimentally, it is difficult to

OPTICS & PHOTONICS International Congress 2019

evaluate the particle absorption spectra of single particle by
measuring the optical signal. However, by using this
method, the absorption spectra can be measured directly by
observing particle motion. It will be a future subject to
propose more realistic model setup for the corresponding
experimental study.
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ABSTRACT

SiO spheres with diameter ranging from 5 to 23um are optically levitated in a high vacuum environment. This
low pressure environment allows for a center of mass acceleration sensitivity of 0.4ug/vHz and the low drag
allows for a spinning rates of 5MHz and rotational damping times of 6 x 10*s. The electric charge present on
the spheres can be controlled on the single electron level until they become charge neutral, further decoupling
the sphere from its surroundings. These objects can serve as a tool to probe new physics such as the search for
millicharged particles, neutrality of matter and deviation from coulomb’s law.

Keywords: Optical Levitation, Acceleration Sensitivity, Spin Angular Momentum, Damping Time, New Inter-
actions

1. INTRODUCTION

Optically levitated objects were first studied by Ashkin''? and since then have been used in several applications
ranging from biology®® to fundamental physics.% ® Dielectric nanospheres and microspheres levitated in a high
vacuum environment offer an excellent force and acceleration sensor due to the reduced gas molecules collisions
and are currently being used for applications in tests of quantum mechanics,” ' precision force and acceleration
sensing!''® and fundamental physics.®® The rotational degree of freedom of these levitated objects is also
a subject of study in liquids,'? 2! air and medium vacuum??> 3! and high vacuum environments with recent
examples in which the measured rotation rates range from MHz to GHz for microspheres®? and nanospheres?? 3+

respectively.

2. EXPERIMENTAL SETUP

SiO, spheres with diameter ranging from 5 to 23um are trapped above the focal point of a vertically oriented
1064nm laser beam.'® 32 Two 532nm beams are used to image the levitated sphere in the three degrees of freedom
and the images are projected into photodiodes that sense the center of mass motion of the sphere. The signal
from the photodiodes goes into a field-programmable gate array (FPGA) that is used to control a deflection
mirror that steers the levitation beam and controls the position of the sphere in the radial direction, and to an
Acousto-Optic Modulator (AOM) that controls the power of the levitating beam, which results in the control
of the position of the sphere with respect to the focal point of the trapping beam. Such three dimensional
control provides additional center of mass cooling that is necessary for stable levitation in the high vacuum
environment. '8

An Electro-Optic Modulator (EOM) is used to control the polarization of the levitating beam from linear
to circular polarization.>?> Such control enables transfer from the spin angular momentum from this beam to
the sphere resulting in controllable rotation rates that can exceed MHz rates in the high vacuum environment.??
Measurement of the angular degree of freedom is performed by a linear polarized imaging beam. After passing
through the sphere, this beam is directed to a polarization sensing device that is able to measure modulations
of the beam polarization caused by the rotating sphere.>> A photograph of the setup in shown in figure 1.
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Figure 1. Photograph of the experimental setup with the vacuum chamber in the center, imaging and trapping laser on
the left and imaging optics on the right.?* 3°

3. CURRENT SENSITIVITY

Two flat and parallel electrodes located in the center of the vacuum chamber and around the levitating sphere are
used to created a known oscillating electric field at the sphere’s position.'® At the same time an UV lamp is used
to discharge the sphere. The oscillatory motion of the sphere, due to the oscillatory electric field, is monitored
while the sphere is being discharged. The amplitude of this motion decreases in steps that are associated with
each electron leaving the sphere.?® The amplitude of this motion is used to convert the signal generated by the
photodiodes into force when the sphere has one remaining electron. This method is not only used to provide
a calibration for the acceleration sensitivity, but can also be used to detect small charges within the sphere.®
For the current setup, measured acceleration sensitivities of 0.4 x 10~%g/v/Hz are measured for 23um spheres
in diameter.'® Such sensitivity corresponds to center of mass temperature on the order of 60mK and a charge
sensitivity of 6 x 107 ¢/ VHz, where e is the electron charge, for electric fields of 5kV/mm in between the
electrodes.

The spinning rate of the SiOy spheres with diameter of 10um and at 10~ "mbar can get as high as 5MHz
depending on the trapping beam polarization.??> At lower pressures the dissipation of energy of the rotation
degree of freedom becomes smaller and results in measured damping times that can be as high as 16h. A future
application of such low damping of the rotational degree of freedom can be the detection of small torques acting
on the sphere.??

4. FUTURE SEARCHES OF NEW PHYSICS

We show in this section how the setup described above can be used for the detection of physics that goes beyond
the standard model.® 3> We will concentrate on the particular case of the so-called dark or hidden sector which
introduces new candidates for dark matter particles and interactions with the standard model.?”3® The simplest
case of interaction considered by these models is a kinetically mixed dark electromagnetic force corresponding
to the gauge group Up(1) with the standard electromagnetic force corresponding to the gauge group U(1).573%
Some of the experimental consequences of this type of model would be a deviation from Coulomb’s law>” and the
existence of dark matter candidates that carry electric charges smaller than the electron charge |e|, also called
millicharged particles.?® 37

While our setup can be used to look for deviations from Coulomb’s law,® we will focus on how to use the
setup described above on the search of millicharged dark matter particles.® This can be accomplished by using
the UV light in order to make sure that total number of protons is the same as the total number of electrons
on the levitated sphere, applying a large electric field and looking for a response of the center of mass motion
of the sphere.® Such center of mass response would be either related to the presence of millicharged particles or
backgrounds. Most of the backgrounds are on the form of dipole moments. Such dipoles couple to the gradient
of the electric field, which can be minimized by placing large electrodes parallel within Imrad and by spinning
the spheres in order to average out the dipole moment in the direction of the measurement. Our setup allows
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for an oscillating electric field as high as 5kV/mm with charge sensitivity of 6 x 10~°¢/v/ Hz and our relatively
big spheres will enable lower abundances of the millicharged particles to be probed.

5. CONCLUSION

Optically levitated spheres in a high vacuum environment can be used as a highly sensitive device to probe new
fundamental interactions. We demonstrated that SiOs spheres with diameter ranging from 5 to 23um offer high
acceleration sensitivity'® and low damping associated with the rotational degree of freedom.?? Such devices can
be used in the search for millicharged particles that have been proposed in some extensions of the standard
model.
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Abstract

We theoretically propose a scheme of rotation control of nanoparticles by light using resonant nonlinear optical
response. It is known that the Laguerre-Gaussian beam have orbital angular momentum and they can rotate small particles.
In the present study, we theoretically demonstrate a selective switching of rotation direction of nanoparticles by optical
pumping. The particles have gain by pumping, and the phase of the induced polarization becomes inverted, which leads to
the rotation-direction switching. This switching occurs selectively according to the electronic resonance levels of
nanoparticles. Further, we study the scheme to rotate nanoparticles and switch its rotation direction in the nanoscale area.
Being associated with localized surface plasmons sustained by the nanoscale metallic structures, a circularly polarized
light can induce the rotational motion of nanoparticles near the metallic nanogap. This rotation direction can also be
inverted by using nonlinear optical response.

Keywords: Optical manipulation, Localized surface plasmons, Nonlinear optical response

L. Introduction of nanoparticles. Further, we theoretically demonstrate a
: . : : rotational motion of nanoparticles in a nanoscale area,
The techniques to optically manipulate mechanical ) . . )
) ) L. ) where the circularly polarized light at nanogap made with
motions of small particles are promising for pushing ) i .
. tetramer metallic nanostructures show a circular optical
nanotechnologies up to the next stage. However, ;
. . . . . current.
manipulating nanoparticles is not easy as compared with

manipulating microparticles because an exerted force

II. Method

becomes extremely weak. In order to overcome this ) : : .
With the use of the discrete dipole approximation

difficulty, the techni i t dient of th . .
Hhicully, the fechiiques using a steep gradient o ¢ method, we numerically calculate the total electric field,

E(r, w)=E» (r,w)+ | dr’ G(r,r’, w)Pn(r’, w), where
Pu(r, w) is the induced polarization of the nanoparticle,
E» (r, w) is the background electric field, and G(r, r’, w)

electric field intensity associated with localized surface
plasmons has been intensively studied [1], and also, using
the electronic resonance effect has been paid attention [2].
In both cases, the nonlinear optical effects easily occur,

is the renormalized Green’s function includin,
and it has been clarified that the nonlinear effect played &

geometrical information of the system through dielectric

an essential role in the optical trapping experiments using function. On the other hand, the polarization of the

resonant effects [3] and leads to unconventional . . . . .

. . nanoparticle is calculated by solving the integral equation
manipulation schemes [4]. . . . .
with the Markovian master equations. Then, we substitute

In the present contribution, we propose a new scheme . .. .
P Prop the total electric field and the polarization in the

of optical manipulation by using nonlinear optical . . L
P P Y g P expression of the time-averaged radiation force [5],

(F(w)) =Re[| dr [VE(r, o) - Pm(r, ©)]. As a
nanoparticle, we assume the particle that is modeled by

response. Namely, the switching of the rotation direction
of nanoparticles that can be invoked by optical pumping
of nanoparticles. This operation can be made in a

. . . the typical three-level structure including vibronic levels
selective way according to the electronic resonance levels
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as in Fig. 1(a).
(b)

N
<>

Hundreds of nm

@

Super-resolution scale

Figure 1: Schematic diagram of the model of incident
beam and metallic nano-complex. (a) Image of the
conventional type of rotational optical manipulation
with Laguerre-Gaussian beam. Its beam waist is 300
nm. (b) Image of super-resolution rotational optical
manipulation inside tetramer metallic structures with
the circularly polarized plane wave. The
nanostructures are assumed to be four gold panels
forming nanogaps. The size of each panel is 75 x 60 x
20 nm? and the gaps are 14.1 nm. The size of the NP is
set to be 5 x 5 x 5 nm®. In both cases, incident lights

propagate to negative direction of z axis.

III Results

If the nanoparticle is irradiated with the Laguerre-
Gaussian (LG) beam, the nanoparticle is rotated as
illustrated in Fig. 1(a). Here, an interesting effect is the
behavior of nanoparticle under the pump beam to create
gain of the particle. The direction of rotation, and that
along z-axis are inverted. In this case, the direction of
dissipative force is inverted for both along z-axis and
along orbital direction because of the inversion of
excitation probability of the state |1), but the sign of the
gradient force is not changed and much stronger than the
dissipative force. Thus, the particle is still trapped at the
position with a certain negative z and rotated. In this
process, the stimulated emission occurs, where the
absorption of one photon induces emissions of two
photons. Thus, the observed effect is consistent with the
conservation laws of the linear momentum and the orbital
angular momentum.

Next, we demonstrate a scheme utilizing the localized
optical vortex induced by metallic nano-complex as
illustrated in Fig. 1(b). Here, we employ the tetramer
structure as the metallic nanostructure for realization of
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the localized optical vortex, and assume the circularly
polarized plane waves injected from the above. We
assume that two incident plane waves (manipulation light
and pump light) have the spin angular momentum (s=+1
or -1) and the energies resonant to 0-1 and 0-2 transitions,
respectively. The rotation direction of the nanoparticle
induced by incident light depends on its spin angular
momentum. It should be noted that the spin angular
momentum of light can cause the orbital motion of the
nanoparticle by utilizing the metallic nano-complex.
Figure 2(a) shows the force map inside the tetramer
structure in x-y plane, where incident light is only
manipulation light and its spin angular momentum and
intensity are s = +1 and 100 kW/cm?, respectively. In this
case, the dissipative force saturates and the gradient force
is dominant to move the nanoparticle, therefore the
rotational force is suppressed and the nanoparticle is
attracted toward the gaps where field intensity is strong.
On the other hand, under the two-beam excitation, the
pump intensity enables to adjust the ratio of the
dissipative force to the gradient force. Figure 3(b) shows
a force map where we assume the pump light to have the
same spin angular momentum (s=+1) as the manipulation
light and both intensities to be 100 kW/cm?. In this case,
the inversion of the excitation rate and stimulated
emission between the states 0 and 1 occur, resulting in
opposite circulating force induced by the manipulation
light. As a result, although both incident lights have the
same spin angular momentum, the rotation direction by
the manipulation light becomes opposite to that by the
pump light, and hence, their rotational forces (dissipative
forces) cancel each other. On the other hand, in the case
with different spin angular momentum, their rotational
forces reinforce each other, hence the orbital motion of
the nanoparticle is realized (see, Fig. 3(c)). Also,
interestingly, we can avoid pointing the optical force
outwards by switching the force direction at nanogaps,
where the manipulation light energy is slightly red-
detuned to the energy resonant to 0-1 transition. This
rotational force is several tens of times stronger than that
in the case of using LG beam without metallic structures.
Thus, one can realize rotational manipulation with
stronger optical force in super-resolution scale and can
control it by the presence/absence of pump light.
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IV Summary

In summary, we have theoretically demonstrated the
control of rotation direction of the nanoparticles with
optical nonlinearity and the way to realize such
manipulation at super-resolution scale by utilizing the
metallic nano-complex. The results show that the use of
nonlinearity and the localized optical vortex will greatly
enhance the number of degrees-of-freedom and precision
of optical manipulation of nanoparticles.
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Figure 2: Radiation force map inside the metallic nano-
complex. Black arrows indicate force vectors in x-y
plane. Color bars show the magnitude of the radiation
force. Manipulation light and pump light energies are
tuned to the resonance with 0-1 and 0-2 transitions,
respectively. (a) The case with manipulation light alone.
The intensity is 100kW/cm?> and its spin angular
momentum is s=+1. (b) The case with both pump and
manipulation lights. Both lights have spin angular
momentum s=+1 and their intensities are 100kW/cm?.
(c) The case with both pump and manipulation lights.
Pump light and manipulation light have spin angular
momentum s=-1 and s=+1 and their intensities are
100kW/cm?, respectively. In this case, the energy of
manipulation light is slightly red-detuned (1.798 eV).
Arrows drawing circle below (b,c) show rotation
direction of radiation force caused by the pump and

manipulation lights, respectively.
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Abstract
Liquid helium is a unique fluid showing many interesting and peculiar properties at low temperature including
superfluidity. We demonstrated the optical trapping of single nanoparticles in superfluid helium. The particles were
introduced into the optical trapping region via in-situ pulsed laser ablation. Our technique is an important step to realize

controllable nanoscale-probing of the superfluidity.

Keywords: optical trapping, superfluid He, nanoparticles, laser ablation, optical manipulation
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I Introduction

Optical trapping of micro/nanoparticles is a versatile
technique which can be used to study microrheology',
mechanical properties of molecules?, microcrystalization®,
and even fundamental physics*. In particular, the technique
is most suitable to reveal local physical or chemical
properties of the surrounding medium and the interaction
between the trapped particles and the medium. The optical
trapping is, however, often implemented only in room
temperature fluids including water, organic solvent,
ambient air, and vacuum. In principle, the optical trapping
does not require room temperature and cryogenic situation
would even more suitable because the small thermal
energy should stabilize the optical trapping.

Here we demonstrated that the optical trapping is
actually achievable in cryogenic situation. We succeeded
in the optical trapping of dielectric nanoparticles in
superfluid helium. The superfluid helium is a peculiar low
temperature fluid showing very low viscosity, ideally zero
viscosity at zero temperature. Although macroscopic
viscosity measurement has been reported before,
microscopic thermal fluctuation in the superfluid helium is
not studied experimentally, which would be a key factor to
reveal the details of the elementary excitations, phonon
and roton’. Moreover, the optical trapping in superfluid
helium is an indispensable method to add a local small
rotational or linear perturbation onto the superfluid helium.

Our proposed method would be a novel tool to investigate
the fundamental quantum physical properties of superfluid
helium.
II Method

The whole experiment was executed in the cryostat filled
with the superfluid helium whose temperature was
maintained around 1.3 K. The continuous wave laser light
(wavelength 785 nm, power 150 mW) was introduced into
the cryostat for the optical trapping. The focusing lens with
a high numerical aperture for the optical trapping was
mounted within the cryostat. The optical trapping target
was dielectric nanoparticles fabricated with in-situ laser
ablation. A sintered semiconductor ZnO was placed in the
cryostat and was irradiated with a second harmonic of
Nd:YAG laser with a pulse duration of 10 ns, a pulse
energy of 1 mJ, and a repetition rate of 10 Hz. The spot size
was around 50 um. After the laser ablation process, there
were many nano and microparticles ejected from the
ablated surface®’” and some of them accidentally came
around the focusing point of the continuous wave laser
light were optically trapped. The trapped particles were
visualized through the light scattering. The scattering of the
continuous laser light for the optical trapping was enough
strong to visualize the particles using a CMOS camera
equipped with an imaging lens.
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III Results and Discussion

Figure 1(a) shows a typical image of the optically
trapped ZnO nanoparticles. Single bright dot corresponds
to the strong light scattering from the trapped nanoparticles
and is highlighted with the arrow in the figure. Figure 1 (b)
illustrates a schematic view of the experimental situation.
The dotted lines represent the region of the continuous
laser light for the optical trapping and the arrow indicates
the propagation direction of the light. The nanoparticles
was optically trapped exactly at the focusing point of the
laser light and stably kept the position more than a several
dozen minutes.

FIG. 1. (a) Optical trapping of ZnO nanoparticles in
superfluid helium. The arrow highlights the trapped
particle. (b) The schematics of the continuous laser
light path. The dotted lines represent the light
focusing region and the arrow indicates the
propagation direction.

Our result demonstrated the stable optical trapping of the
nanoparticles in superfluid helium and is a unique and yet
simple example of the optical trapping in extreme
conditions. Our demonstration is a first step toward the

OPTICS & PHOTONICS International Congress 2019

nanoscale characterization of the quantum superfluidity in
a spatiotemporally resolved manner.

This work was supported by JSPS KAKENHI Grant
Numbers JP16H06505, JP17K 17841, 16H03884.
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Abstract
The excitation of a localized surface plasmon resonance in the nanogap of a plasmonic antenna provides an efficient
way to focus some incident light in a nanoscale volume. Enhanced light-matter interactions can then be obtained when a
nanoscale object interacts with the confined light. Thanks to enhanced near-field optical forces, plasmonic nanogap
antennas can be used as nanotweezers in order to trap nanoparticles. We investigate here the trapping and deposition of
nanoparticles such as nanodiamonds and dye-molecule nanoparticles using gold dimer and trimer nanogap antennas.
Keywords: optical trapping, nanoparticle, plasmonic antenna, nanoparticle deposition, near-field optical force

I Introduction

Plasmonic nanogap antennas enable focusing light at
the nanometer scale by coupling the incident light to
localized surface plasmon resonances (LSPRs). This
nanoscale confinement of the light can enhance the light-
matter interactions between an incident beam and the
nanoscale objects located in the vicinity of the plasmonic
nanogap. For instance, the strong field gradient resulting
from the excitation of a LSPR generates enhanced near-
field optical forces that make it possible to attract and
stably trap nanoparticles. In recent years, nanogap
antennas have been used as plasmonic nanotweezers in
order to trap various kinds of nanoparticles [1-4].

In this work, we investigate the plasmonic trapping of
dielectric nanoparticles using gold dimer and trimer
nanoantennas. We first report on the trapping of red
fluorescent nanodiamonds. We also investigate the
deposition of polystyrene and dye-molecule nanoparticles
in the plasmonic nanogaps of dimer and trimer antennas
under intense laser irradiation [5].

*sasaki(@es.hokudai.ac.jp; phone 011 706-9396

II Experimental details

1. Plasmonic nanogap antennas

The plasmonic nano-antennas used in this work were
designed using COMSOL Multiphysics in order to
optimize the coupling efficiency between the incident
light coming from a Nd:YAG laser source (1064 nm) and
the nanogap LSPR of the antenna. We evaluated the
influence of the sizes of the antenna and the size of the
gap on the optical response of the gold nano-antenna. The
photothermal response of the antenna and its environment
was also modeled and evaluated by numerical simulation.

The gold nano-antennas were then fabricated by ebeam
lithography, gold sputtering, and lift-off techniques. As
shown in Figure 1, the optical response of the fabricated
dark-field
spectroscopy in order to check the spectral properties of

nano-antennas  was  characterized by
the antennas’ LSPRs. Good agreement was found
between the experimental results and the numerical model.

2. Fluorescent nanoparticles

In order to investigate the plasmonic trapping of
nanoparticles, we used different kinds of fluorescent
nanoparticles. In the one hand, we studied the trapping of
red fluorescent nanodiamonds for the diamond is a known
as a hard dielectric material with a relatively high
refractive index (2.39 at 1064 nm). Moreover, the red
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fluorescence of NV- centers is robust (no photobleaching
or blinking effects) as it originates from highly stable
structural defects. Red fluorescent nanodiamonds with an
average size of 50 nm in water solution were purchased
from FND Biotech.

We also investigated the plasmonic trapping of
commercial red fluorescent polystyrene nanoparticles
with an average size of 40 nm and self-assembled dye-
molecule nanoparticles fabricated by reprecipitation
method [5].
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Figure 1. (a) Scanning electron microscope (SEM)
image of a gold dimer antenna. (b) Extinction spectra
of the previous nano-antenna measured in water
environment under different incident light polarization

conditions.

III Results and Discussion

1. Nanodiamond trapping

By irradiating a gold dimer antenna with an estimated
laser intensity of 110 kW.cm™, we successfully trapped
up to three nanodiamonds simultaneously. As shown in
Figure 2, the nanodiamonds were stably trapped, then
released after turning off the laser, and finally trapped
again after turning on the laser again.
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Figure 2. Screenshots taken from the video recording
of a nanodiamond trapping experiment. Up to three
nanodiamonds were stably trapped in the near-field of

a single plasmonic dimer nano-antenna.

2. Nanoparticle deposition

We also achieved deposition of nanoparticles in the
nanogaps of plasmonic antennas [5]. In the case of off-
resonant plasmonic nano-antennas, the deposition process
requires a focused laser beam with an intensity of about 1
MW.cm™ to be shined for only few seconds on the target
antenna. Nanoparticles located few micrometers away
from the antenna are found to be quickly attracted
towards the antenna, before being trapped and adsorbed in
the vicinity of the nanogap. This process is thought to be
due to the combination of a photothermally induced
interfacial flow and enhanced near-field optical forces
created by the excitation of the nanogap LSPR.

The nanoparticle deposition process described above
was successfully applied to polystyrene nanoparticles and
self-assembled dye-molecule nanoparticles. This process
can be applied for the trapping and deposition of desired
nanomaterials. We will present our latest results dealing
with plasmonically enhanced fluorescence spectroscopy
of nanoparticles. Especially, we aim at probing the chiral
response of dye-molecule nanoparticles deposited in the
nanogap of trimer antennas.
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Nanoscale oscillators levitated by optical, electric or magnetic fields in high vacuum offer a
completely new arena for studies of foundational science and applications [1,2]. The drastic
suppression of decoherence potentially allows observation of non-classical states of motion,
while the creation of long-lived macroscopic quantum states enable demonstrations of
quantum behaviour on very large mass scales. This includes the possibility of creating large
macroscopic superpositions, as well as tests of proposed mechanisms of wavefunction
collapse at large length scales.

An important requirement for these studies is the development of methods to manipulate and
cool the oscillator’s centre-of-mass motion as well as controlling the internal temperature. In
this talk I will describe our recent work which has demonstrated optical cooling of levitated
silica spheres (200 nm) to milliKelvin temperatures [3,4], as well as internal cooling of
optically levitated nanocrystals [5].
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M. S. Kim, G. Milburn, Phys. Rev. Lett. 119, 240401 (2017)

2. D. Goldwater, M. Paternostro, P. F. Barker, Phys. Rev. A 94, 010104(R)

3. J. Millen, P. Z. G. Fonseca, T. Mavrogordatos, T. S. Monteiro, P. F. Barker, Phys. Rev. Lett. 114,
123602 (2015).

4. P.Z.G. Fonseca, E. B. Aranas, J. Millen, T. S. Monteiro, P. F. Barker, Phys. Rev. Lett. 117, 173602
(2016).

5. A. T. M. Anishur Rahman, P. F. Barker, Nature Photonics 11, 634-638 (2017).

Proc. of SPIE Vol. 11141 1114101-49



OMC-3-02

OPTICS & PHOTONICS International Congress 2019

Modulation of orbital torque on nanoparticles by spin angular momentum

via inter-particle light-induced force

Mamoru Tamura®®, Takashige Omatsu®Y, Takuya lida*®®

“Graduate School of Science, and *Research Institute for Light-induced Acceleration System,
in Osaka Prefecture University, 1-2, Gakuen-cho, Naka-ku, Sakai-shi, Osaka, 599-8570, Japan

°Graduate School of Advanced Integration Science, and ‘Molecular Chirality Research Center,
in Chiba University, 1-33, Yayoi-cho, Inage-ku, Chiba-shi, Chiba, 263-8522, Japan

Abstract
In the optical manipulation, although the spin angular momentum (SAM) makes trapped objects spinning, the orbital
angular momentum (OAM) of Laguerre-Gaussian (LG) beam enables to lead the spinning and orbital motion. However,
we theoretically discovered that the SAM could modulate the OAM-induced orbital motion of multiple nanoparticles (NPs);
the orbital torque exerted on NPs under the LG beam was modulated by the SAM via the inter-particle light-induced force.
Our discovery explore a new physical aspect of many-body dynamics of NPs based on the SAM-OAM coupling.
Keywords: nanoparticle, optical tweezers, angular momentum, Laguerre-Gaussian beam

I Introduction

Light carries the photon momentum which pushes the
irradiated objects for the light propagating direction. In
addition, light can have the orbital and spin angular
momentum (OAM and SAM) [1,2]. Laguerre-Gaussian
(LG) beam so-called optical vortex holds the OAM, and
the light with a circular polarization holds the SAM. Such
angular momentum also induces a force on objects. The
objects trapped off axis under the LG beam show the
orbital motion, while the circular polarization leads to the
spinning motion. However, these orbital and spinning
motions are not independently determined by the OAM
and SAM. For example, the OAM can induce the spinning
motion for the large objects to be trapped at beam axis [3].
Furthermore, in a helical structure produced by LG beam,
it was reported that the helical form was dependent on the
total angular momentum as a sum of OAM and SAM [4].

In these examples, the induction of spin motion by the
OAM is understandable easily. On the contrary, the SAM
should have the same capability with the OAM; also the
SAM could lead the orbital motion. Although the tight
focusing of LG beam led the orbital motion dependent on
the SAM, it was contribution of OAM converted from the
SAM [5]. Recently, we theoretically clarified that the
SAM could modulate the orbital torque on nanoparticles

*t-lida@p.s.osakafu-u.ac.jp

(NPs) exerted by LG beam, where the inter-particle light-
induced force (LIF) was a key factor. In this study, we
demonstrate that the orbital torque exerted on multiple NPs
can be modulated by the SAM via the inter-particle LIF.

g (a) Single NP

(b) Paired NP

y [um]
o
© Intensity [a.u.] ©

-1 -05 0 05
x [um]

1-1 -05 0 05 1
x [um]

Figure 1. Calculation model. (a) Single NP and (b)

paired NPs were scanned fromx =0 to 1 um as

indicated by arrow. Background showed the intensity

of LG beam. NPs’ size is slightly exaggerated.

II Theoretical Method and Model

As a target of torque evaluation, we assumed the gold
NPs (70 nm in diameter) dispersed in a water. The single
NP and paired NPs were located on the focal plane (z = 0)
of LG beam as shown in Figure 1. The torque when they
were scanned from x = 0 to 1 pm were evaluated, where
the distance between paired NPs’ surface was 10 nm.

To evaluate the torque exerted on NPs, the discrete
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dipole approximation (DDA) was employed. NPs were
discretized into the cubic cells with the induced
polarization P(w) = y(w)E{w), where i is the index of cells,
and y(w) = ey(w) — e 1s the electric susceptibility (&, is the
dielectric function of gold given by the Drude-critical
points model [6], and &n = n,?> = 1.33% is the dielectric
constant of medium). E; is the response field expressed as,
E (@) =E™(1,0)+ Y. G, —1,,0)-P,(@),
=i , (D)
1S, (w)- P, ()

where E is the electric field of incident light, G is the
Green’s function of electromagnetic field, V; is the volume
of i-th cell, S{w)P(w) = [G(r,w)P(w)dr is the
analytical integration of G for i =j. As an incident light, z-
propagating circularly polarized LG beam (wavelength
1064 nm) was assumed. The electric field is expressed by,

E™(r,0) = [_\/EiWoQ(Z, CO)P]M exp(iLp)E° (r,0), (2)

E°(r,w) = —2E,iw;Q(z, w) exp [iQ(z, w)p° + ikz] , (3

where Q(z,w) = k / (2z — ikwy?). The expression of LG beam
is for p = 0 and arbitrary ¢, but £ =1 was employed in this
study. ES is expression of Gaussian beam, where the spot
radius wo = 0.5 pm, and Ey = (2nmlo/cem)"? gives the
amplitude (o = 2P/{|!lwwy> , P = 1 W is power). The
polarization is given by &€= (1, +i, 0)2, where + and —
corresponds to the left and right circular polarization (LCP
and RCP). E; and P; can be obtained by solving the
simultaneous equations. From these values and the general
expression of LIF [7], LIF exerted on i-th cell is given by,

(F (@) = %Re{[VEi(w)]* -P,.(w)V,.} @

In addition, a sum of it yields the LIF exerted on k-th NP,
<FkNP ( w)> _ z <Fice11 ( w)> _ <FkNP,inc ( w)> 4 <FkNP,lP ( a))>

eM,

= 3 LRel[VER @00 B @) L)

ieM;

+Y %Re{ZVG(g —rj,a))~1>j(w)1/j} ~P,.(a))V,}
ieM, i
where M is a set of the cell indices composing the k-th NP,
and LIF can be separated into two terms (FR™™) and
(FYPIPY by substituting equation (1) for E; while the
differential of third term in equation (1) is negligible. In
equation (5), the first term is caused by the incident light
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E™. On the other hand, the second term is caused by the
scattered field from other cells via G, which can be called
as inter-cell LIF. However, since the LIF caused by the
arbitrary combination P; and P; via G is almost recoil force,
the sum for i, j € My is cancelled. Thus, the second sum of
second term can be approximately replaced by sum for j ¢
My, which is namely inter-particle LIF rather than inter-
cell LIF, because (FyP®) is originated from the
contribution of cells comprising other NPs.

Based on the expression of LIF, the total orbital torque
exerted on the NPs is simply written by,

(r.(w)) = Z[ri x <ECc11 (“’)ﬂ

i

(6)

However, the mechanical motion of objects are usually
considered as a rigid body. Its translational motion is
driven by the force exerted on its center-of-mass (CM), i.e.
(FR™). Based on this consideration, the another definition
of orbital torque should be written by,

(L(@)= Y[ 1" x(B"@)] 0
k z
where r{M is the CM position of k-th NP.
a Xm = 0.354 um b %
0.2(?--“’-1-.-“- 0.2(?--"3.----
_ _ LcP —
z Z RCP ---
IS =
Zo0a1f 1 301t -
0 ".'. P | .‘T\r--_ 0 PRI B RS
0 0.5 1 0 0.5 1
x [um] x [pum]

Figure 2. Torque for single NP as a function of x-
position was evaluated by (a) equation (6) and (b)
equation (7). Torque became maximum near x = Xm,
where the light intensity of LG beam was maximum

on x-axis.

IIT Results and Discussion

Figure 2 shows the numerically evaluated orbital torque
exerted on the single NP, as a function of x-position shown
in Figure 1(a). Based on the equation (6) in figure 2(a), the
orbital torque for LCP was larger than one for RCP. In
contrast, in figure 2(b), the torque evaluated by equation
(7) yielded the almost identical values. The origin of this
difference was the term of G in equation (4) after
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substituting equation (1), which was namely intra-particle
LIF because it was caused by the interaction between cells
in the same particle. This LIF had the distribution in NP
and contributed to the spinning of NPs around their CM
under the circular polarization. Thus, based on equation (6),
which could contribute to modulate the orbital torque.
However, this intra-particle LIF was almost canceled in
equation (7) and (5) due to the sum for j & M;. As a result,
the difference between LCP and RCP disappeared. Of
course, when considering a spinning motion of rigid body,
the contribution of SAM should remain as a spin torque.
Next, figure 3 shows the orbital torque exerted on the
paired NPs, based on the model of figure 1(b). Needless to
say, figure 3(a) by equation (6) showed the different value
of torque for LCP and RCP. In addition, we can confirm
the clear difference of torque in figure 3(b) employing
equation (7). Similar to the discussion for single NP, after
the summation, the intra-particle LIF to spin the individual
NPs around the CM of each NP was approximately
cancelled. However, the inter-particle LIF (FY™") was not
cancelled, which contribute to spin the paired NPs around
the CM of whole NPs. Therefore, since NPs were aligned
in y-direction, the orbital torque was caused from y-
component of rg™ multiplied by x-component of (FR™P).

a Xm = 0.354 um b %

o = O I Y S
= L {= L LCP —: ]
2 03t . 9‘03_ RCP: === |
g g
= 152 1 |
20-02— 1 =02 Py —
Zoafl /i 18 oaf /) .
g L /.~ \\ ] 5 L /4 \‘~ ]

0 /.l R RO o) -2 P P - .~~?
0 0.5 1 0 0.5 i}
x [um] x [um]

Figure 3. Torque for paired NP as a function of x-
position was evaluated by (a) equation (6) and (b)
equation (7). Torque was normalized by the number of
NPs: Np = 2.

IV Conclusion

In summary, we theoretically demonstrated that the
SAM could modulate the OAM-induced orbital motion of
multiple NPs via the inter-particle LIF. Based on the DDA,
the optical response, LIF, and orbital torque for the single
NP and paired NPs were numerically evaluated. For the
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single NP, the contribution of SAM to the orbital torque
disappeared, based on the consideration of translational
motion of rigid body. However, for the paired NPs, the
SAM modulate the orbital torque on NPs under the LG
beam, where the inter-particle LIF to spin the NPs around
their CM of whole NPs was an important factor. The
obtained results will lead a new physical mechanism of
SAM-OAM coupling, and the further development of laser
manipulation and processing techniques using LG beams.
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Abstract
We propose a new type of chirality sensing of metallic nanostructures. The essence of our proposal is to evaluate their
circular dichroism (CD) from optical force acting on a metallic nano-tip probe. With the use of discrete dipole
approximation method, we numerically calculate the optical force on the tip nearby the metallic gammadion array. It is
found that the force can three-dimensionally evaluate the CD that the surface plasmon induces.

Keywords: surface plasmon, chirality, optical force, circular dichroism

I Introduction

Surface plasmon on metallic nanostructures enables us
to optically access various nanoscale targets through its
strong and localized field. One of its various applications
is high-sensitive chiral sensing of a single or a few
molecules, proteins and so on [1,2]. Such a sensing is
based on the coupling between chiral molecules and
chiral plasmon near designed metallic structures.

The optical responses in the chiral plasmon has been
estimated from the circular dichroism (CD) and the
optical rotatory dispersion (ORD) in the transmitted far-
fields [3]. Recently, the profile of the near-field itself is
becoming observable by using the aperture-type scanning
near-field optical microscope (SNOM) [4]. However,
with the above methods only, it is difficult to measure the
three-dimensional (3D) structure of the chiral near-field
where the chiral molecules should be placed.

Here we propose another approach to figure out the 3D
structure of chiral near-field. Our method is to take
measure of optical force acting on a metallic nano-probe,
which is scanned nearby the metallic structure. We show
that the force depends on the circular polarization of the
illuminated light, and clearly reflect the CD of the
plasmonic near-field.

IT Calculation
1. Model
Schematic picture of system setup is shown in Fig. 1
(a). We arrange four of Au gammadion nanostructures on

a dielectric substrate (relative permittivity 2.25, thickness
15nm). Each gammadion structure is aligned with a
spacing of 75nm.

Here we illuminate the left- or right-handed circularly
polarized light from below the substrate. The energy of
the light is set to 1.65eV (wavelength A~750nm), and the
intensity is 1kW/cm®. We calculate the optical force on a
metallic nanometer-scale probe (Au hemisphere with the
radius 50nm), which is scanned in a plane Snm above the
nanostructures. In particular, we investigate how the
plasmonic chirality affects the vertical component of the
optical force.

(a) (b) 1000nm

P
“~__ circularly polarized light

<~
280nm 110nm 330nm

Figure 1. (a) Schematic picture of system setup is
shown. The four gammadion structures made of Au
are arranged on a dielectric substrate. The left- or
right-handed circularly polarized light is illuminated
from below. The Au nano-scale probe tip is scanned to
measure the optical force just above the gammadions.

(b) Top view of the system is shown.
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Figure 2. Contour map of the vertical component of
the optical force on the Au probe tip. The axes
represent the in-plane position of the tip center. The
plotted area is 90x90 nm?’ including the gap region
(75%75 nm?) surrounded by the four gammadions. (a)
The case for the illumination of the left-handed
circular polarized plane wave light. (b) The case for

the right-handed circular polarized light.

2. Method

In order to take the geometric information of the
metallic nanostructure into account, we solve the Maxwell
equation of the whole system (the gammadion and the
probe) by using the discrete dipole approximation (DDA)
method [5]. In this method, we discretize the whole space
by the cubic cells (5%x5x5 nm’), and put local
susceptibility to each cell. For the cell in Au regions, the
susceptibility is given by the Drude model [6]. The total
electric field can be calculated through the discretized
Maxwell equation by replacing the position integral into
the summation with respect to the cells. The 3D optical
force acting on the probe tip can be calculated using the
total electric field and the induced polarization. It
corresponds to the resultant force of the time averaged
forces at the cells in the nano-tip region [7].

III Results

We find that the CD, difference between the
transmitted light intensity for the left-handed circular
polarized illumination and that for the right-handed
circular polarized illumination, appears remarkably at the
gap region surrounded by the four gammadion. This
clearly show that the metallic gammadions induce the
strong chiral plasmonic field, which is consistent with the
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previous results by the far-field analysis [3]. In addition,
our numerical result shows that the vertical component of
the total electric field becomes comparable to the in-plane
one in the near-field region. This implies that our method
can capture the whole figure of the chiral plasmon, which
is difficult by SNOM.

In Figs. (a,b), we plot the vertical component of the
optical force acting on the Au nano-tip probe. The vertical
force, as well as the in-plane component, strongly
depends on the circular polarization of the light. In
particular, at the edge of the gammadions (the four
corners of Figs. (a,b)), the vertical force changes its sign
depending on the light polarization. These results suggest
high possibility of our proposed chiral sensing method.

IV Conclusion

We have theoretically proposed a new chiral sensing
method of nanoscale metallic nanostructures. In our
method, an optical force acting on metallic nano-tip probe
is measured. By numerical simulation with DDA method,
we showed that our proposal can detect the 3D profile of
the chiral near-field.

Chiral sensing and quantification of a few molecules
are getting more important in various fields such as
analytical chemistry, biochemistry, pharmacology and
basic physics. The 3D profile of the chiral plasmon, that is
localized in nanometer scale, should contribute to these
applications. Further optimization of our proposal may
lead to higher sensitivity than the present case. Therefore,
we believe that this result can bring a new change to the
chiral sensing in many fields.
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Abstract

Although photonic waveguides have been often used as on-chip optical conveyor belts for transporting trapped
particles, we demonstrate here an all-optical approach to create tunable periodic arrays of optical traps along a single
silicon waveguide. We show that the simultancous excitation of two guided modes with different propagation constants
leads to a periodic modulation of the near-field optical forces at the surface of the waveguide. Stable trapping of dielectric
particles and bacteria is achieved by using this method. We also demonstrate different techniques for manipulating the
trapped particles by controlling the light coupling conditions and the laser wavelength. Especially, we show how the
period of the optical lattice can be tuned by controlling the laser wavelength, making it possible to finely adjust the

trapped particle positions by either pushing or pulling them along the waveguide.
Keywords: optical lattice, optical trapping, optical manipulation, optofluidics, silicon photonics, lab-on-a-chip

I Introduction

Since the pioneering work of Kawata and Tani [1],
optical forces arising from the evanescent field of the
light propagating inside photonic waveguides have been
studied for more than two decades. Photonic waveguides
are now considered as efficient optical conveyor belts
with potential applications for on-chip transportation and
sorting of micro- and nanoparticles, as well as living cells
and bacteria in liquid solutions [2-7]. Indeed, when a
particle interacts with the evanescent tail of a guided
mode of a photonic waveguide, the resulting optical force
can act both as a trapping force maintaining the particle
close to the surface of the waveguide, and as a pushing
force propelling the particle in the direction of the light
propagation.

In order to achieve stable trapping of a particle, it
usually requires the action of an additional photonic
microcavity [8-14] or a plasmonic nanostructure [15-17]
for creating a hot spot at a fixed position along the
waveguide. Yet, recent progress in the design and
fabrication of photonic components has enabled the

*benoit.cluzel@u-bourgogne.fr

demonstration of periodic arrays of optical traps created
by a standing wave formed in a silicon waveguide
[18,19]. The standing wave was obtained by precisely
balancing the power of two counter-propagative waves in
a single waveguide.

In this work, we investigate another all-optical
approach for periodically modulating the optical forces in
the near-field of a few-mode silicon waveguide. We
demonstrate that tunable optical lattices can be created by
a beating phenomenon between guided modes having
different propagation constants [20]. Using such near-
field mode-beating optical lattices, we achieve stable
trapping of dielectric particles and e.coli bacteria. We
also demonstrate various techniques for manipulating a
large number of trapped particles along a single
waveguide.

II Experimental details
1. Photonic silicon waveguides

The waveguides considered in this work are fabricated
on SOI chips using standard microelectronic fabrication
techniques. The waveguides have a 510 x 248 nm?
rectangular cross-section. Numerical simulations were
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performed using COMSOL Multiphysics in order to
compute the field distributions and the
propagation constants of the eigenmodes of such
waveguides. As shown in Figure 1, three guided modes

electric

can be excited in a silicon waveguide with the considered
shape and dimensions. In this work, the different guided
modes were selectively excited by controlling the
polarization and the

fiber-to-waveguide coupling

conditions.

2. Periodic modulation of near-field optical forces

When two guided modes are simultaneously excited in
the same waveguide, they propagate with different
propagation constants. This results in a spatially periodic
phase difference between the two modes, which impacts
the light-matter interactions occurring along the
waveguide. This mode-beating phenomenon causes a
periodic modulation of the near-field optical forces acting
on the particles near the surface of the waveguide. The

period p of this modulation is given by:

pi=2m/ BV = BV =k / nee” — nen?| M

where A, refers to the free-space wavelength and g7, g9
(respectively neg”, ne) to the propagation constants
(respectively to the effective refractive indices) of the two
guided modes.

3.5

Effective refractive index

1 : .
450 475 500 525 550 575 600
Waveguide width (nm)

Figure 1. Computed values of the effective refractive

indices of the guided modes as a function of the

waveguide’s width.
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II Near-field mode-beating optical lattices

As shown in Figure 2, stable optical trapping of 1 pm
and 500 nm fluorescent polystyrene beads was achieved
when both transverse-electric (TE) and transverse-
magnetic (TM) modes were excited in the waveguide.
More especially, the beads were trapped in a periodic
array above the waveguide with a period of 3.26 um.
When modifying the coupling conditions, the 500 nm
beads were sometimes trapped in staggered rows on both
sides of the waveguide with a period of 1.46 um. These
experimental results are in good agreement with the
results obtained from numerical simulations: while the
formed by the
copropagation of both the fundamental TE and TM modes

one-row periodic trap array is
(TE, and TM,, respectively), the trapping of particles in
staggered rows results from the copropagation of both the
fundamental and the first order TE modes (TE, and TE,,
respectively). As shown in Figure 2 (c), we also achieved
stable trapping of e.coli bacteria in an optical lattice
formed by the TE, - TM,, copropagation.

[ oes ad @ @0 > o @

Figure 2. (a) Periodic arrangement of 500 nm
polystyrene beads trapped in staggered rows. (b)
Periodic arrangement of 1um polystyrene beads above
the waveguide. (c) Stable trapping of several e.coli

bacteria above a single waveguide.

IIT New optical manipulation techniques

The periodic modulation of the near-field optical forces
allows not only for the stable trapping of a large number
of particles but also for their manipulation. For instance,
modifying the polarization of the incident light and the
coupling conditions at the entrance of the waveguide
enables switching from one optical lattice configuration to
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another, or to the optical propulsion of the trapped
particles. We also show how the period of the optical
lattices can be dynamically controlled by tuning the laser
wavelength. The particle spacing can therefore be finely
tuned and the position of the trapped particles precisely
controlled. This makes it possible to move the trapped
particles in both directions along the waveguide, even
against the direction of the light propagation.

IV Conclusion

In this
simultaneous excitation of pairs of guided modes leads to

work, we have demonstrated how the

the periodic modulation of the optical forces in the near-
field of a few-mode waveguide. By exciting the adequate
pairs of guided modes, we have been able to trap a large
number of particles and bacteria in one-dimensional
optical lattices formed along a single waveguide. By
controlling the light coupling conditions and the laser
wavelength, we have demonstrated different optical

manipulation techniques for handling the trapped particles.
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Abstract
Biodegradable poly(lactic-co-glycolic acid) (PLGA) microparticles are representative drug delivery carriers. Although

it is important to understand detailed relationships between a drug release mechanism and their properties such as size and

shape, analysis for an individual particle has been much difficult due to thermal fluctuations. In the present study, we

performed optical trapping of a single PLGA microparticle for real-time monitoring of a reagent release from the particle

by means of fluorescence microspectroscopy. We successfully monitored a fluorescence decay of an optically trapped

PLGA microparticle. This decay process should reflect a reagent release from the microparticle. Our real-time monitoring

method will be a powerful tool for designing an optimized drug delivery system.

Keywords: biodegradable polymer, optical tweezers, fluorescence microspectroscopy, optical force, microparticle,

Poly(lactide-co-glycolide) (PLGA)
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I Introduction

Poly(lactic-co-glycolic acid) (PLGA) has received great
interests in medical and pharmaceutical fields because of its
biodegradability, biocompatibility, and negligible toxicity.
PLGA is useful for drug delivery systems as carriers. Drug
molecules are released from PLGA microparticles via gradual
decomposition of PLGA in the presence of water. The drug
release mechanism is influenced by many factors of PLGA
microparticles such as chemical compositions (ratio of
copolymerization), molecular weight, surface morphology,
shape, and size. In particular, particle size is a crucial important
parameter because the decomposition rate strongly depends on
the specific surface area of PLGA microparticles. Therefore, it
is necessary to understand the detailed relationship between a
drug release rate and their particle size. However, due to
thermal fluctuation, it has been difficult to access an individual
microparticle for chemical analysis.

For addressing the issue, we focused on optical tweezers!'l.
Optical tweezers are excellent tools for noncontact and
nondestructive manipulation of microparticles at the focal point
of a laser beam. In the present study, we performed optical

trapping of a single PLGA microparticle for real-time

monitoring of a release process of fluorescent molecules from

the particle by means of fluorescence microspectroscopy.

II Experiments

PLGA microparticles containing rhodamine 6G as a model
drug molecule were prepared using a double emulsion-solvent
evaporation techniquel>?l. A rhodamine 6G aqueous solution
was emulsified into an acetonitrile solution containing PLGA.
The water-in-oil emulsion was added into an aqueous solution of
a surfactant with being stirred to form microparticles. After
stirring, the microparticles were finally collected by pulification.
For a control experiment, we also synthesized poly(N-isopropyl
acrylamide) (PNIPAM) microparticles containing rhodamine 6G
by radical polymerization]. By means of dynamic light
scattering, we determined diameters of PLGA and PNIPAM
microparticles to be 3.0 £ 2.0 um and 0.30 = 0.20 um,
respectively. For fluorescence microspectroscopy, these
microparticles were dispersed in water.

We used a continuous wave (cw) near-infrared (NIR) laser
(A=1064 nm) for optical trapping and a cw visible laser (A=532
nm) for fluorescence excitation. These laser beams were focused
in a sample solution with an objective lens (x100, N.A. =1.3) to
obtain fluorescence spectra of an optically trapped single

microparticle.
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III Results and Discussion seconds. This decay curve was well fitted with a single
exponential function. We determined a time constant t to be 910
seconds. In the exponential decay, the time constant T can be
interpreted as the time constant of a release process due to
decomposition of PLGA microparticle. Moreover, we found that
T depended on size of PLGA microparticles. Our technique will
be a powerful analytical tool for real-time monitoring of release

process from a single PLGA microparticle.

IV Conclusion

In this study, we successfully obtained a time constant of

reagent release for an optically trapped single PLGA

Figure 1. Bright field

microscopic  image of an

microparticle. The fluorescence decay curve was well fitted

optically trapped single PLGA single exponential function. The time constant T depended on

size of a PLGA microparticle. Our optical manipulation

microparticle.

technique combined with fluorescence microspectroscopy will
be a powerful analytical tool for real-time monitoring of release

- process from a model particle of drug delivery.
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Focusing a 1064 nm laser beam into a sample solution, a
single PLGA microparticle with 5.4 pm in diameter was trapped
due to an optical force at the focal point (Figure 1). We obtained
fluorescence spectra of such optically trapped microparticles.
Figure 2 shows a temporal profile of fluorescence intensity (FI)
from the trapped PLGA microparticle (Figure 1) together with
that from a trapped PNIPAM as a control. FI from the PLGA
microparticle gradually decayed from 1.0 to 0.7 within 300
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Abstract
Assembling and ejection dynamics of polystyrene microparticles of 1 micrometer is revealed by applying CW
laser trapping at solution surface. Initially a concentric circle-like assembly is rapidly prepared, giving a size
much larger than the focus. Assembling evolves, showing some fluctuation in its size, which is accompanied
with ejecting of some microparticles. The concentric-like structure is transformed into a hexagonal packing
structure, then the ejection is much suppressed. Microparticles are ejected in a linearly aligned manner and its
speed is slowed down with time and the distance. Assembling and ejection dynamics is considered in terms of

light scattering of the trapping laser.

Keywords: optical tweezers, laser trapping, polystyrene particle, solution surface, assembling and ejection

I Introduction

“Optical tweezers” were proposed by Ashkin in
1986 (1) and he was awarded the 2018 Nobel Prize
Physics last year. His original idea was presented in
the several papers published in early 1970’s (2, 3),
and “Optical Tweezers” have been widely used in
various research areas. We are the first group to
demonstrate its high potential in chemistry and
extended systematic studies on micro/nano particles,
droplets, supramolecules, polymers, micelles, and
so on (4, 5). All the experiments were carried out in
solution, as three-dimensional manipulation of
small objects is its characteristic performance as
laser-based method. Gradient force is exerted in the
focal volume and does not expand so much toward
the outside. However, we found novel trapping
behavior when we irradiated the trapping laser of
1064 nm at solution surface. Polystyrene (PS)
nanoparticles (NPs) of 200 nm diameter were
trapped not only at the focus but also its outside,
forming its single large assembly of a few ten
micrometer with a disc-like shape (6). Also we
showed that laser trapping of amino acids gives a
similar behavior of their clusters and eventually
gave a single crystal (7). Here we report a new
assembling and ejection dynamics of PS
microparticle (MP) of 1 micrometer at solution
surface which is obtained by focusing 1064 nm CW
laser at it solution surface.

IT Experiment

Ii is known that high power of 1064 nm trapping
laser is absorbed by H20, so we used D20 in order
to suppress laser heating effect. The density of PS
and D20 are 1.04 g/em3 and 1.11g/cm3,

our sample for 15 min before carrying out the
experiment without their aggregation. If the sample
solution is kept for longer than 30 min at room
temperature, most of MPs would float near the
air/solution surface. To keep the homogenecous
condition, we always performed our trapping
experiment within 30 min after taking out the
sample from ultrasonication bath. Optical set up for
trapping experiment is almost same to that reported
previously (6).

IIT Results and Discussion

MPs are homogeneously dispersed inside the
solution before switching on the trapping laser (see
Figure 1 A). It is worth to notice that some of the
MPs look white and dark. The former MPs are
located at air/solution interface, namely, on the
focal plane, while the dark MPs are inside solution,
namely, out of the focal plane. Upon starting the
irradiation of the trapping laser, the several MPs
were captured rapidly at the focal spot. A few
seconds later, the size of the assembly became
larger than the focus, but other MPs were still
attracted to the assembly. This assembly looked
like a concentric circle (Figure 1 C), but it is not so
stable and we often observed the rearrangements of
MPs in its assembly.

Sequentially, few MPs are ejected out radially
from the assembly in a linear alignment (Figure 1
D), where these ejected MPs moved as a group.
‘When the MPs reached far from the focus, its linear
morphology disappeared and MPs were separated
as individuals. When we observed the back-
scattering of 1064 nm trapping laser from the
assembly, the directions of ejection and scattered

respectively, thus PS MPs easily float omraadbtORIE Vol. 11141igm H%% %Eh e same direction.

near the air/D20 interface. We always sonicated
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The concentric circle-like assembly sometimes
transforms to a hexagonal close-packing structure
(HCP) (Figure 1 F), then the assembly never
returns back to the concentric one again. It is well
known that HCP structure is most stable, and

Figure 1. The transmission images of PS MPs at the D20
solution surface. (A) Before irradiation, the MPs are
dispersed inside the solution. (B) At 10 sec after turning
on the laser, several MPs are trapped at the focus. (C)
After 30 sec irradiation, the assembly looks like

concentric circle-like one. (D) An ejection of MPs occurs.

(E) The concentric circle-like assembly starts to
transform to a HCP structure from the edge. (F) Clear
HCP structure is prepared. (G) The HCP structure seems
still to keep growing. (H) Upon turning off the laser, the
HCP assembly dispersed to individual MPs. (I) By
turning on laser again, the HCP is recovered.

indeed here the assembly with HCP structure does
not undergo rearrangement. It is worth noting that
the ejection of MPs is seldom observed from the
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equilibrium state. When we turned off the laser and
rapidly turn on it again, the assembly remains with
the HCP structure and sometimes shows the
ejection.

Figure 2. The transmission images of PS MPs at the D20
solution surface. (I) and (II) show ejectio dynamics of 5
MPs in 0.1 sec, corresponding to (C) and (D) in Figure 1.
(III) The size of the single assembly of MPs is plotted as
a function of the irradiation time. (IV) The X, Y and Z
axes represent the irradiation time, the number of
ejection taking place during a certain observation period
(1 and 2 mean individual and simultaneous ejection),
how many number of the ejected MP, respectively.

In the assembly size-time diagram of Figure 2
(IT), the size of the assembly increases dramatically
in the beginning and shows a first saturation with
some of the fluctuations. At about 120 sec, the size
increases again gradually. Here we can correlate
(IIT) and (IV) by “C->D” which corresponds to 5
MPs ejection. The several MPs were ejected out,
decreasing the number of MPs in the assembly.
Thus, the assembly shrinks after ejections occur,

assembly of the HCP structure. ThergsssrsblE Vol 1114%101\{\(163/1651 _%%me other MPs are still attracted to the

grows keeps its structure and reaches the
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assembly. The size increase is observed again,
giving to the fluctuation in the assembly size.

We measured the velocity of ejection and found
the fastest velocity is obtained at the beginning of
ejection behavior, then the speed gradually slows
down with the time and the distance. We consider
that the linear morphology maybe is ascribed to the
hydrodynamic force. When the first MP moving at
the high speed, several MPs easily follow its
direction caused by less resistance. However, the
viscosity of solvent reduces the speed of MPs, the
force of fluid dynamic getting smaller, then the
ejected MPs as a group disperses individually in
solution.

IV Summary

Until now trapping, assembling, and ejection of
PS NPs are reported only for femtosecond laser
trapping (8), where a special morphology of ejected
NPs like a linear alignment here was not observed.
The present work reports for the first time on the
ejection behavior in continuous wave (CW) laser
trapping experiment. Interestingly they are ejected
in a linearly aligned arrangement. These results on
expanded assembling and the following ejection
can be interpreted in terms of light scattering of the
trapping laser of 1064 nm. The important role of
solution surface in laser trapping can be discussed
by comparing our and previous paper on laser
trapping of PS NPs at the glass/solution interface

).
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Abstract

A focused radially polarized beam effectively induces the plasmon modes of metals which placed near the focus. As

part of an investigation into the interactions between focused radially polarized beams and materials, we here numerically

study the feasibility of plasmonic lasing by using the focusing properties. By introducing a metal-gain-metal nano-

structure, the peculiar electric fields have been obtained that suggests lasing assisted by plasmonic effects.

Keywords: radially polarized beam, focused fields, metal nano-structure, FDTD simulation, plasmonic lasing

I Introduction

Radially polarized beams, which possess electric field
vectors arranged like the spokes of wheels pointing out
from the center in the beam cross-section, have attracted
much interest and are expected to be used in many
applications in optics, such as improved optical data
storage and optical microscopy, because of their peculiar
focusing properties. When it is focused with high
numerical aperture lens, it generates strong longitudinal
fields on the beam axis which can lead the achievements
to create a small focal spot size (<0.44) with a long depth
of focus (>104), while it generates zero Poynting energy
on the beam axis [1] [2]. We have been reported that such
very promising radially polarized beams can be generated
by photonic-crystal lasers and we have been
demonstrated its focusing properties [3]. However, the
practical applications of radially polarized beam have not
been shown yet, even though the particular focusing
properties on free space had been shown. One of the
reasons is surely that interactions between such beams
and materials have not been investigated much, because
the focusing properties of the beam are very distinct from
those of other beams. Previously, we have used a three-

*kyoko@kit.ac.jp: phone 81 75 724-7405

dimensional (3D) finite-difference time-domain (FDTD)
calculation in order to exploit these focusing properties,
in the specific case where a sub-wavelength sized gold
metal cubes are arranged on the beam axis through the
propagation direction. Then, we showed the electric field
enhancement in the tiny spaces between gold cubes
arranged on the beam axis along the propagating
direction [4]. In present work, we introduced a gain
material to the strongly enhanced electric field, and then,
investigated of the feasibility of plasmonic lasing by
using the field.

IT FDTD analysis results

1. Simulation model

Figure 1 shows the calculation model. We simulated
the focusing electro-magnetic fields of a radially
polarized beam by exciting the fields under the 3D-FDTD
space. The beam is focused with NA=0.9 and the
excitation plane is at z=-4 um. To introduce gain material
and metal nano-structure, we used four-level system and
drude model. The center of gain material is located at
focal point (x=y=z=0) and the cylindrical metals are
sandwiching the material.

Proc. of SPIE Vol. 11141 1114101-65
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Figure 1. Calculation model of three-dimensional FDTD

analysis.

2. Spectrum and electric field intensity profiles

Firstly, as part of an investigation, we calculated the
case when the gain material has carrier density N=2 X 10%°
cm?, thickness is 65 nm and when the cylindrical metals
are consisted by gold and both of them have 200 nm
diameter and 100 nm length. Figure 2 show the spectrums
when we excited radially polarized beam with the
absorption wavelength of the gain material (Aabs=690 nm).
The spectrum after pass the materials shows clear red-sift
and the spectrum peak wavelength is matched with the
emission wavelength of the gain material (Aemi=715 nm).
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Figure 2. Spectrums when excited the absorption

wavelength

Figure 3 show the time-dependent electric field intensity
profiles the case when excited with A =500 nm (upper)
and with Aex=690 nm (lower). The upper cases show the
maximum intensities are localized at the edge of gain
material, due to the high career density. Whereas, the
lower cases show the electric fields flowed into the gain
material. When we monitored the time dependent energy,

OPTICS & PHOTONICS International Congress 2019

the lower case showed higher Q factor compared with the
upper case. From this points, we conclude that the beam
coupled with the gain material and emit another
wavelength. In addition, compared with when cylindrical
metals were perfect conductor or silver, the effects were
different.
assisted by the electric enhancement of plasmon mode,

From these calculations, the emission is

which induced by focused radially polarized beam.
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Figure 3. Time-dependent electric field intensity profiles.

(upper) Aexc=500 nm, (lower) Aexc=690 nm.

III Summary

We have analyzed the feasibility of plasmonic lasing by
using focused radially polarized beam and metal-gain-
metal nano-structure. The further details will be reported
at the conference.
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Abstract

Based on our previous work, in which we demonstrated single orbital angular momentum (OAM) mode emissions
from a vertical cavity surface emitting laser (VCSEL) with an external optical feedback, the conditions of the vortex
mode emission are investigated in terms of feedback efficiency and polarization. There are two orthogonal polarization
configurations for efficient single OAM mode emission, one of which corresponds to the dominant polarization in free-
running VCSEL. Nearly identical emission properties of the two polarizations indicate an independence between the spin
and OAM. On the other hand, the stability of the OAM mode emission, which is characterized by the dependencies of the
feedback efficiency and injection current, is changed between the two polarizations, suggesting different contributions of

the broken rotational symmetry to the spin and OAM.

Keywords: Laguerre-Gaussian mode, orbital angular momentum, optical feedback, VCSEL, optical vortex
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I Introduction

Vortex beams with phase, polarization and/or other
foliation singularities have attracted growing interest in
various fields because of their unique physical properties
and potential applications. One of the intensively studied
applications is the spatial mode division multiplexing
(MDM) in optical communications, in which a well-
defined series of orbital angular momentum (OAM)
modes (or Laguerre-Gaussian (LG) modes with arbitrary
radial indices) is expected to be a promising candidate for
the multiplexing [1]. In the application, the semiconductor
laser for generating controllable OAM mode is a key
device, and such OAM mode emissions have been
realized using modified vertical cavity surface emitting
lasers (VCSELs) [2-5]. There are also more fundamental
interests to study the vortex modes in VCSELs as they
show collective and spontaneous formation of multiple
vortices [6]. In our previous work, single OAM mode
emissions were demonstrated from a VCSEL with
external optical feedback provided by a spatial light
modulator (SLM) [7]. Here the OAM mode was
controllable by changing the computer-generated
hologram (CGH) on the SLM. In this work, by taking

advantage of the controllability of the CGH, we perform a
concise OAM mode analysis of the VCSEL in terms of
feedback efficiency and polarization. We find that there
are two orthogonal polarization configurations
responsible for the efficient single OAM mode emission,
one of which corresponds to the dominant polarization in
free-running VCSEL. The two polarizations show nearly
identical OAM emission properties, indicating an
independence of the spin and OAM. On the other hand,
the stability of the OAM mode emission, which is
characterized by the dependencies of the feedback
efficiency and injection current, is changed between the
two polarizations. The result implies that the rotational
symmetry breaking is sensitive to the spin but not to the

OAM.

IT Experiments

We used a commercially available VCSEL with a
large aperture size (~10 um in diameter) responsible for
generating higher-order transverse modes. The active
layer consists of 3 Aly12GagssAs/Aly30Gag0As quantum
wells between distributed Bragg reflectors for A-cavity, in
which a single longitudinal mode at a wavelength of ~780
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nm is generated. The output from the VCSEL was
collimated and introduced onto a SLM. We selected the
polarization of the optical feedback by rotating a half-
waveplate with respect to the polarization axis of the
SLM. The Ist-order diffraction beam by CGH on the
SLM was used as the return light and fed back into the
VCSEL while the Oth order diffraction beam was used to
evaluate the OAM mode of the output beam. We
employed a forked CGH pattern optimized for the single
OAM mode emission with /=—1 (LG-mode). The details
of the optimization were described in Ref. [7]. The OAM
mode analysis of the output beam was carried out by an
OAM-resolved technique [8]. In the free-running VCSEL,
a fundamental Gaussian mode (/=0; G-mode) with a
linear polarization (defined as H-polarization) develops
above the threshold current (Ji~1.7 mA). The linear
polarization emission indicates the rotational broken
symmetry of the VCSEL. By increasing the injection
current, additional two OAM modes (/=t1; HG-mode)
appear at around J~1.9 mA.

IIT Results and Discussions

Figure 1 shows typical OAM spectra at different
diffraction efficiencies (77) and at injection currents (J).
Here the H-polarization was selected for the optical
feedback. To clarify the OAM mode emission property,
the color density plots of the /=—1, 0, +1 modes are
displayed as functions of 7 and J in Fig. 2 (a)-(c),
respectively. Since each spectrum consists of some of

30}./=2.0mA 351 1=2.0mA
7=0.04 7=0.1

3
o]
@0.0 —+ fe 5 Py : 0.0 7.5 .l (') 'y | :
>
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S

0.0 _.S.nllo|l..5 0.0 _.5 '. glnl z

OAM (¥)

Figure 1. OAM mode spectra of VCSEL with optical feedback
at typical injection currents and diffraction efficiencies. Insets

show the corresponding output beam profiles.
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Figure 2. Color density plots of OAM mode intensity for (=
(a)-1, (b) 0, (c)*+1 as functions of diffraction efficiency (77) and
injection current (J). OAM mode properties (d) as functions of

nand J, and (e) as functions of 7 and polarization ().

these 3 modes (Fig. 1), the combination of the plots shows
a phase diagram of the spatial mode emission (Fig. 2 (d)).
The G-mode is efficient for the weak optical feedback,
corresponding to the unlocked region by the optical
feedback. The LG mode emission is achieved at above
n~6% and at below J ~1.9 mA. The reduction of the
threshold current induced by the optical feedback is
observed in the diagram. The efficient optical feedback is
also ensured by the frequency shift of the longitudinal
mode owing to the resonator Gouy phase shift. The LG-
mode region shrinks with increasing injection current, and
alternatively HG-like degenerate OAM-mode emission
becomes dominant. There also exists a crossover between
the G- and LG- or HG-mode emissions, in which the
output mode is unstable for sharing the modal gain
between these two different-order modes with different
resonance conditions.

Figure 2 (e) shows a result of the spatial mode property
as functions of 7 and polarization (6), where 6 =0
corresponds to the H-polarization. Here the injection
current is fixed at J =1.72 mA. When 7 =0, the G-mode
shows a peak at 8=0, which corresponds to the dominant
H-polarization in free-running VCSEL. In contrast, LG-
mode is efficient at | |=0 (H-) and n/2 (V-polarizations).
The results observed at these two polarizations show
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nearly identical OAM emission properties near the
threshold current, indicating the independence of the spin
and OAM. On the other hand, the unstable crossover
region (hatched area) is changed between the two
polarizations. There is no crossover at |§ |=r/2 mainly due
to the small gain of the V-polarization for the G-mode.
The result implies that the rotational symmetry breaking
in the VCSEL affects the spin polarization but is not
critical to the OAM.

IV Conclusion

We investigated the conditions of the vortex mode
emission in terms of feedback efficiency and polarization.
There are two orthogonal polarization configurations for
the efficient single OAM mode emission, which exhibit
nearly identical emission properties. On the other hand,
the unstable region arising from the competition between
different-order modes is changed between the two
polarizations, suggesting different contributions of the
broken rotational symmetry to the spin and OAM.

This work is supported by JSPS KAKENHI 16H03876.
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The efficient creation and detection of spatial modes of light has become topical of late, driven
by the need to increase photon bit-rates in classical and quantum communications. Here we put
forward a new spatial mode detection technique based on the nonlinear optical process of sum-
frequency generation, also showing that the method can be used to transfer an image from the
infrared band to the visible, which implies the efficient conversion of many spatial modes.

There has been a great development in methods to create and detect optical spatial modes, in particular complex
structured light fields [1], fuelled for example by the desire for higher bit-rates in classical and quantum
communication [2,3]. Such mode creation and detection processes are traditionally achieved with tools based on
linear optics, i.e., refractive or diffractive field mapping by allowing lossless phase and amplitude modulation of
an input beam, or by single step modulation of the phase and/or amplitude. However, mode creation has also been
demonstrated with nonlinear optics. With spontaneous parametric down-conversion (SPDC), the method of choice
to introduce the concept, one can create photon pairs entangled in their spatial degree of freedom [4]. It is
instructive to outline how SPDC generates anticorrelated modes, as schematically depicted in Fig. 1(a) for a
Gaussian pump and orbital angular momentum (OAM) modes as an example. When a Gaussian beam pumps the
SPDC process, it mediates the generation of paired entangled down-converted photons, signal (4) and idler (B),
embedded into spatial modes satisfying the opposite topological charge a=-Ug, as shown in the simulated spiral
bandwidth of Fig. 1(b).

In this work we make use of the dual process sum-frequency generation (SFG) for the detection and selection
of spatial modes, contrasting the similarity with the anticorrelated relation obtained with its analogous nonlinear
process, the SPDC.

(b)

I R
806 nm input OAM [£,]

&

3 2 -1 0 ) 1 2 3
1565 nm input OAM [£,]

FIG. 1 (a) Traditional quantum experiment where a Gaussian mode pumps a nonlinear crystal (NLC) mediating the generation
of two entangled photons with opposite OAM values. (b) Simulated modal spiral spectrum of the down-converted photon pairs.
(¢) Setup used to demonstrate the spatial mode detection by frequency upconversion. (d) Experimental cross talk results after
performing a modal decomposition varying the helical charge of the input OAM mode for 806 nm ranging within (5= [3,-3],
when setting a particular input OAM mode for 1565 nm within the range € = [3,-3]. The inset of the rightmost is the modal
decomposition for the input state {,=1, obtaining a maximum power in the centre of coordinates when {5 = -1.

In the frequency upconversion process, schematically depicted in Fig. 1(c), two incoming signals (Ma and Mg)
are engineered to be in specific states. The upconverted signal is detected in the far field, so that there is a nonzero
signal only when the phases are conjugate. In this scheme the nonlinear crystal (NLC) is the detector rather than
the generator. Our results shown in Fig. 1(d) confirm the concept of spatial mode detection by upconversion using
intense beams carrying orbital angular momentum ({4 and g) as example. To quantify the quality of this spatial
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mode detection technique, a cross-talk matrix measurement was performed where each column is normalized with
all terms adding to unity and finding a -30 dB cross-talk on average, thus demonstrating how well we can
distinguish between the desired mode and the rest of the orthogonal modes from the same basis [5].

m index m index m index m index
FIG. 2 HG modal cross talk given in dB for two different input HG,, , modes. The 1565-nm laser beam is encoded with (a) HGo
and (¢) HG, ;, performing a modal decomposition with the 806-nm input laser beam such as HG,,,,, with the m and n indexes
ranging within [0,3]. We show the captures obtained in the right indicating the weightings of the detected modes in the left, by
extracting the centre pixel value in the intensity plots for (b) HGy and (d) HG, ;. Dotted crosshairs indicate the central coordinate.

Figures 2(a) and (c) show the measurement outcome when a modal decomposition was performed on a 1565-nm
laser beam with a particular encoded HG,, , input mode, with indexes (a) m =n =0 and (c) m = n = 1. The laser
beam centred at 806 nm was used to perform a tomographic scan by varying the m and » indexes within the range
0f[0,3], while measuring the resulting signal after the upconversion process. Each cross-talk modal decomposition
plot in Figs. 2(a) and (c) has been normalized with all its terms adding to unity, prior to being expressed in dB. A
maximum on-axis intensity is obtained only when the 806-nm intense beam is encoded with the modes HGop and
HGy,1, as can be seen in Figs. 2(b) and (d), respectively. Here, since Ma = HGo (or HG1,)), all on-axis intensities
for My are zero except for the case when Mx = M"s = HGoy (or HG 7). The average efficiency of the process was
~107*, and further study is needed considering whether the efficiency is mode dependent.

FIG. 3 Upconverted images measured as Mc with M, (1565 nm) as a Gaussian, shown in (a), and Mp (806 nm) set to be (b)
lambda, (c) yin yang, and (d) jay symbols. The insets show the applied amplitude modulated mask and the corresponding
hologram to imprint the image onto mode Mp. The emerging fringes are the Moiré pattern due to the finite resolution of the SLM
screen.

The extrapolation to more complex mode structures is limited only by the transverse resolution that can be
obtained from the upconversion process. In order to demonstrate the complexity of possible modes, we encoded
various complex images in arm B, while keeping the other laser beam in arm 4 as a Gaussian mode. Note that
even if we swap the modes in 4 and B, the resulting outcome would be the same. In Fig. 3 we show the resulting
images after the upconversion transfer, confirming the dynamic range of the technique, that is, the technique
works even with high resolution spatial modes, being able to even transfer the emerging Moir¢ pattern due to the
finite resolution of the spatial light modulator (SLM) screen. To test whether we were measuring only the
upconverted 532 nm signal in all our results and not the residual 806 nm input (also detectable by the CCD
camera), we changed the polarization of the 1565 nm beam to horizontal, checking that the upconverted signal
disappeared completely.

Even though we have demonstrated the technique with high intensity signals, the results are immediately
applicable to single photon states too by employing single photon counting detectors and single mode fibres. This
experimental configuration paves the way for spatial mode detection of infrared band signals but measuring them
in the visible with cheaper and faster silicon-based detector technology.
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Abstract

We experimentally deposited a graphene oxide(GO) onto an end face of the optical fiber with the new method by
applying electrical arc and pulse laser drilling to GO using commercial fusion splicer and laser ring cavity. We
demonstrate a Q-switched Er-doped fiber laser (EDFL) using GO thin film deposited by proposed method as a saturable
absorber (SA). We successfully generated stable passively Q-switched EDFL in both C- and L-band using different GO
SA without adjusting the optical gain. Detailed GO film deposition method at end face of the optical fiber using electrical
arc and pulse laser drilling are discussed. Our proposed deposition method with electrical deposition method and pulse
laser drilling might be applied to make a SA with other similar two-dimensional materials.

Keywords: Graphene oxide, Q-switching fiber laser, Deposition, Laser drilling, Saturable absorber, C-band, L-band

I Introduction

In recent decades, researchers have devoted great effort
into the development of ultrafast pulse lasers based on
different materials. Currently, graphene has emerged as
promising two-dimensional (2D) material in the fields of
material science and photonics. Also graphene oxide has
attracted much attention as SA material [1-4] and various
fabrication method of SA device using the spray
deposition, optical deposition, and chemical vapor
deposition on to the end face of optical fiber [5, 6]. In this
work, we demonstrated new deposition method for the Q-
switched EDFL with the GO thin films as a SA in C- and
L-band regimes. The GO thin film is fabricated by an
electrical deposition method by applying the electrical arc
and the pulse laser drilling in laser ring cavity. Stable Q-
switched pulse are operated at both the center wavelength
of 1568.1nm in C-band, and 1600.5nm in L-band,
respectively. The C- and L-band are commonly used in
communication systems because the wavelength division
multiplexing (WDM) systems that combine the C-band
and L-band can increase the transmission capacity [7, 8].

II Method

Electrical deposition Pulse laser drilling
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[> Pump laser turm on
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Figure 1.(a) The process of electrical deposition

method (b) The process of pulse laser drilling

The electrical deposition method is shown in Figure
1.(a). The end face of optical fiber was immersed in the
prepared GO solution. Using electrical arc in
conventional fusion splicer [Fitel S177a], GO thick film
was deposited at the end face of optical fiber. By turning
on the 980nm pump laser, the GO thick film is drilled by
the pulse laser as shown in Figure 1.(b). Stable Q-
switched EDFL is operated by a thin film. The thickness
of GO film was
automatically in laser cavity [9].

optimized by drilling process
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IIT Results and Discussion
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Figure 2. (a) The cross-section image of end face of

optical fiber depending on arc power and duration

time. (b) SEM image of the optical fiber core region

Figure 2.(a) shows the GO film at the end face of optical
fiber depending on arc power and arc duration of fusion
splicer. As shown in the Figure 2.(a), GO film was not
deposited at the core with more than 15ms duration time,
so we chose the adjusted parameters with arc power 10
unit and arc duration time of 10ms(Since the absolute arc-
power was not supported by the fusion splicer, only the
relative values were available in the experiment.). Figure
2.(b) shows a scanning electron microscope (SEM) image
of GO film at the end face of optical fiber. As shown in
Figure 2.(b), the GO film at the core is thinner than film at
the cladding. Note that thickness of GO film was
optimized by drilling process automatically for generating
a Q-switching laser in our laser cavity.

WDM

Isolator

Saturable
absorber

Graphene oxide
Thin film

Figure 3. Configuration of the laser ring cavity

Figure 3.(a) shows the ring cavity was pumped to a
980nm laser diode through a 980nm / 1550nm WDM
coupler. An erbium-doped fiber with a length of 1.2m
provides optical gain in L-band regime. An isolator was

OPTICS & PHOTONICS International Congress 2019

used to ensure unidirectional propagation of the laser. A
polarization controller adjusted the round-trip polarization
state in the fiber ring cavity. An output coupler with the
power ratio of 10:90 was used where the 10% port was
used as the laser output port. Prepared GO-deposited
optical fiber using our new deposition method was
inserted in ring laser cavity as a SA to generate a passive
Q-switching.
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Figure 4. (a) Optical spectrum analyzer of the output
data (b) pulse train in the C-band regime (c) Optical
spectrum analyzer of the output data (d) pulse train in

the L- band regime respectively

In C-band regime, the output spectrum of the Q-
switching operation at the pump power of 237.6mW is
shown in Figure 4.(a) with the central wavelength of
1568.1nm. The stable Q-switched pulse trains are shown
in Figure 4.(b). By changing the pump power increased
from 149.3mW to 280.8mW, the repetition rates increased
from 22.5kHz to 52.3kHz, the output power linearly
increased from 0.21mW to 1.35mW, and the pulse width
decreased from 10.4ps to 4.16ps. Furthermore, we
fabricated another GO-deposited optical fiber SA and
generated a Q-switching laser in L-band. Detailed gain
dynamics and wavelength shift need to be further
investigated in our proposed method, which is being
pursued by the authors. In L-band regime, the output
spectrum of the Q-switching operation at the pump power
of 193.6mW is shown in Figure 4.(c) with the central
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wavelength of 1600.5nm. The stable Q-switched pulse
trains are shown in Figure 4.(d). The pump power
increased from 105.2mW to 193.6mW, the repetition rates
increased from 6.3kHz to 17.8kHz, the output power
linearly increased from 0.3mW to 2.28mW, and the pulse
width decreased from 24.0ps to 7.8us respectively.

IV Conclusion

In conclusion, we successfully fabricated an all-fiber
saturable absorber by depositing the GO film on end face
of optical fiber by applying an electrical arc and laser
drilling. By using this new method, we successfully
generated stable Q-switching all-fiber laser in both C- and
L-band with different GO SA without changing the
optical gain. This result confirms that our proposed
deposition method with electrical arc and laser drilling
could generate a Q-switching pulse successfully in
different band regimes both C-band and L-band. The
proposed method could be further applied to fabricate a
SA in optical fiber cavity to generate a Q-switching fiber
laser applications.
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Abstract
Complex vector states of light have found many applications to date. Here we present new approaches for the creation
of such optical fields, including multiple scalar and vector states multiplexed from a single hologram. We explore vector
combinations that allow shape invariant propagation in free-space, and outline a quantum toolkit for the analysis of such
beams. Finally, we combine these advances into an optical trapping and tweezing setup to demonstrate a holographic trap
for both vector and scalar modes.
Keywords: vector beams, holographic optical tweezers, spatial light modulators, structured light

I Introduction of SLMs, combining an undiffracted Gaussian mode with

t de [5]. After th ti t le t
Structured light is a highly topical field that captures the a vortex mode [3] ; er the creation step we are ab e' °
o . S . L show accurate analysis of the vector beams by employing
ability to tailor light in amplitude, phase and polarization

. uantum tools to form a vector beam analyser. This allows
[1]. Amongst the many structured light fields are vector d Y .
. . . L the degree of vectorness to be analysed during
beams, characterized by spatially variant polarization . . . .
) L propagation. Finally, we deliver these beams into an
patterns. They have found a myriad of applications to date, . . . .
. . optical trap and show simultaneous optical trapping and
which have been recently reviewed [2,3]. Here we present : .
. . tweezing of scalar and vector beams [6]. We use this to test
new approaches for the creation of such optical fields, ) ) o
) X ) ) ) } the trapping efficiency of cylindrical vector vortex beams,
including the simultaneous generation or multiplexing, . . . . . .
) ) including radially and azimuthally polarized beams in the
from a single hologram, of multiple scalar and vector . . )
L same trap. We believe that this constitutes the first
states. We explore vector combinations that allow shape- ) . .
. . L. . demonstration of a vector holographic optical trap (HOT),
invariant propagation in free-space, and outline a quantum . . . .
. . . . extending the functionality of previous scalar HOTs.
toolkit for the analysis of such beams. Finally, we combine

these advances into an optical trapping and tweezing setup .
to demonstrate a holographic trap for both vector and ‘

scalar modes.
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II Summary of results

We outline new approaches to the creation of vector

beams. We point out that it is possible to create
multiplexed vector beams from a single hologram by
combining interferometric and holographic approaches,
demonstrating all Higher-Order Poincare Sphere beams
simultaneously from one device [4]. We show that a

common path approach can be used to create propagation
invariant flat-top beams by exploiting the efficiency issues Figure 2. An example of a vector holographic trap for
the delivery of scalar and vector beams.
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Abstract

It is important to understand the dynamics of ions around charged colloidal particles from the fundamental and application
viewpoints. In this study, we develop a new measurement method of AC electrophoretic mobility of a micrometer-sized
single colloidal particle in a wide frequency range over four decades. Fast and precise detection of the displacement of the
particle is achieved by laser-trapping of the particle and using laser interferometry. The complex mobility of a silica particle
of diameter of 1 um dispersed in water is measured from 10 Hz to 10 kHz. The obtained apparent spectrum is found to
contain the influence of laser trapping at lower frequencies and the dynamics of electro-osmotic flow induced by the charged
cell surfaces. We succeed to observe the dynamics of the electrically induced bulk flow in a 100—um-thick cell three-

dimensionally for the first time.

Keywords: clectrophoresis, electro-osmosis, optical tweezers, colloid, mobility

I Introduction

AC electrokinetic behavior including electrophoresis,
electro-rotation and electro-osmosis have recently been
utilized to manipulate mesoscopic objects in micro-scaled
devices [1]. However, the dynamics of charged mesoscopic
objects dispersed in aqueous solution is complex and their
electric response has not been fully understood [2]. The
electrophoretic mobility, which is given by the ratio of the
electrically induced velocity of a particle to and the applied
electric field, is one of the important values to characterize
colloidal particles. Although the frequency dependence of
the mobility is expected to reflect the dynamics of the
surface charge of the particles [2], it has mainly been
studied only under a DC electric field.

In this study, a new experimental method to measure the
mobility of a single colloidal particle under AC electric
field has been developed and the spatial dependence of the
mobility spectrum has been studied in three-dimensions.
Especially, the spatial dependence of flow field induced by
the surface charge of the cell has been measured in a wide
frequency range for the first time.

IT Experiment
A silica particle with diameter of 1 um dispersed in an
ultrapure water is trapped by a strongly focused laser beam
(wavelength 830 nm). The position of the trapped particle
is detected by a quadrant photodiode (QPD) using laser

1.k1024r@gmail.com; phone 81-92-802-4109

interferometry method [3]. This enables us to measure the
displacement of the particle with high spatial (nm) and
temporal (10 ps) resolution. An alternating electric field is
applied to the sample cell using a function generator. The
thickness of the cell is 100 um and the gap of the Cu
electrodes is 2 mm (Fig. 1).

The applied electric field E(¢) is a sinusoidal one with
the amplitude of Ey and the angular frequency of was E(f)
= Ep exp(iax). The induced displacement of the particle x(¢)
is represented as x(f) = xo exp {i( @t — 0)} with the amplitude
of xo and the phase delay 6. The AC complex mobility z*
is obtained by xo, Eo, and das
vg:) = lf:j:o exp(—id)

The temporal data of x(¢) is calculated from the output
voltage signal of the QPD.

kx Qf , ; E OI Xy

w(w) =

A

Figure 1. Schematic of the forces applied to an optically
trapped particle (left) and the definition of the amplitude
xo, Eo, and the phase delay o (right).
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IIT Results and Discussion
1. Trapping effect
The apparent frequency dependence of the measured
mobility @* (= &’ + i) from 10 Hz to 10 kHz is shown in
Fig. 2. The observed x’ decreases to zero and y/” exhibits

characteristic frequency dependence at the low frequencies.

This is an artifact due to the trapping by laser beam. In
order to remove this confinement effect, we use the corner
frequency in the power spectrum of |x( w)|* without electric
field. After this correction, £/’ is constant and £/ is almost
zero at the low frequencies as shown in Fig. 3.
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Figure 2. Frequency dependence of apparent complex

mobility u* of a 1um-silica particle in water.

A40|; e o ®g o0 © %00 o .

w s ] ..
> 30 H
:g 20+

‘O 10+ "

: ole_® & o e Iu

* e &

= 1 ool N e e et | L ..-m

10" 10° 10° 10"
Frequency(Hz)

Figure 3. Frequency dependence of complex mobility

w* ofa lum-silica particle in water after correction.

2. Electroosmotic flow

A glass cell wall is known to be charged in an aqueous
solution and form an electric double layer near the wall.
The counter-ions within the double layer are forced to
migrate by the application of electric field and induces a
flow inside the cell, which is called an electro-osmotic flow
[1,2]. The flow field varies with the distance from the cell
wall. We measure the mobility z* at various height within
a cell by changing the height of the trap. In the low

OPTICS & PHOTONICS International Congress 2019

frequency region, z* greatly depends on the height. In the
high frequency region, ©* becomes zero irrespective of the
height. Theoretical hydrodynamic calculation of the flow
in a closed parallel plate cell [4,5] is found to make good
agreement with the experimental spectrum obtained in this
study. It is found that the relaxation behavior appears in the
frequency range above 1 kHz in Fig. 3 is due to the
relaxation of electro-osmotic flow.

IV Conclusion

We developed a new method for AC electrophoretic
mobility using optical trap. Detection of the position of the
particle by laser interferometry enables us to realize
extremely wide frequency measurement. The apparent
spectrum contains the influence of laser trapping at low
frequencies and the information on the electro-osmotic
flow at high frequencies. We succeed in removing the
former artifact by using the fluctuation in position without
electric field. By measuring the height dependence of the
spectrum, the information of spatial dependence of flow
field is obtained in wide frequency range. Our method
utilizing optical trapping is expected to offer new spatio-
temporal information in electro-microfluidics.
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Abstract
We demonstrate the formation of a high viscosity ‘ink-jet’ by employing optical vortex laser ablation. The optical vortex
induces the radial inward mass transport of the ink towards its dark core through the hydrodynamics and vaporization-
induced recoil pressure, resulting in the creation of the ‘ink-jet’. The OAM then forces the melted ink to spin towards
clockwise or counter-clockwise direction assigned by the handedness of the vortex pulse, thereby stabilizing the

formation of the ‘ink-jet’.

I Introduction

An ink-jet printing technology, i.e. a non-contact
printing process, enables us to shape various patterns,
formed of micron-scale liquid droplets, such as color
images, flexible organic electric circuits, integrated
optical devices. However, it has several drawbacks. For
instance, it is difficult to eject high-viscosity ink droplets
with a viscosity of >0.1 Pa's, containing functional
nanoparticles [1,2]. Also, a smallest diameter of ejected
ink droplet is typically limited to ~20 pm.

Optical vortex possesses a ring-shaped spatial form
and an orbital angular momentum (OAM), arising from
its helical wavefront with a phase singularity
characterized by a topological charge, ¢ [3]. Circularly
polarized light also carries a spin angular momentum
(SAM), associated with its helical electric field [4]. To
date, we and our co-workers discovered that the optical
vortex laser ablation enables the fabrication of unique
structured matters, such as chiral structures, on the
irradiated target with the help of SAM [5-9]. In particular,
in the silicon needle formation, it was found that the
optical vortex forces the silicon droplets to spin, resulting
in the efficient accumulation of the melted silicon on the
substrate [10].

In this paper, we report on that the optical vortex forces

the melted ink to spin, thereby yielding a high viscosity

ink-filament, so-called high viscosity ‘ink-jet’. This
phenomenon will be extended to develop an entirely
novel printing technique for high-viscosity functional
inks.
II Experiments

An air-dried film with a thickness of ~20 pm and an
extremely high viscosity of ~4 Pa's, formed of a
conventional ultraviolet ink, on a silica glass substrate
was used as a target sample. A nanosecond green laser
was used, and its output was converted to be a circularly
polarized first-order optical vortex with /=1 and s=1 by
employing a spiral phase plate (SPP) and a quarter-wave
plate (QWP). A single optical vortex pulse was loosely
focused to be a 160 pm annular spot on the target sample
from the backside (the silica glass plate substrate side).
The laser pulse energy was then measured to be ~40 pJ.

Temporal evolution of the formation of ‘ink-jet’
ejected from the film was observed by a high-speed
camera (Shimadzu Corp., Hyper Vision HPV-X), for the
side view, at a frame rate of 2x10° fps. The radial inward
mass transport of the ink towards the dark core of the
optical vortex occurs, so as to form the ‘ink-jet’ within
approximately 4 ps after the irradiation of optical vortex
pulse. An additional 2—6 ps later, the micron-scale ink
droplet (with a dimeter of ~20 um) was also ejected (Fig.
1(a)), In contrast, the conventional Gaussian pulse
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irradiation scattered mostly the ink, resulting in that the
‘ink-jet’ has never been created (Fig. 1(b)).

Why can an optical vortex pulse create such ‘ink-jet’?
Optical vortex collects the melted ink within its dark core
through the vaporization-induced recoil pressure to form
the ‘ink-jet’ via an optical vortex-induced capillary-wave.
The OAM then should force the melted ink to spin,
thereby stabilizing the formation of the ‘ink-jet’. In fact,
the spinning motion of the droplets was directly observed,
and its speed was then measured to be ~10° rpm. Also, it
is noteworthy that the spinning direction and speed of the
droplet were determined by the sign and magnitude of
total angular momentum, J, i.e. sum of OAM and SAM
(Fig.2).
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Fig. 1. (a) Time-laps of the formation of ‘ink-jet’ by

ink

(c)
Nd:YAG
A:532nm
Pulse Width:~2ns

SPP

optical vortex laser ablation. The optical vortex pulse
carried OAM of (=1 and SAM of s=1. (b) Time-laps
of the scattered ink droplets by irradiation of a
circularly polarized Gaussian beam. The optical vortex
and Gaussian pulse energies were then measured to be
40pJ. (c) Schematic of temporal dynamics of ‘ink-jet’

formation.
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Fig. 2. Rotational speed of the droplets as a function of

total angular momentum (J).
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IIT Conclusion

We have demonstrated the formation of the micron-
scale ink-filament, so called ‘ink-jet’, by employing
optical vortex laser ablation. Such creation of the ‘ink-jet’
will be potentially extended to develop an entirely novel
printing technique, enabling the development of a new
generation printed electric circuit formed of a high-
viscosity ink droplet, containing functional nanoparticles.
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Abstract
We demonstrate chiral mass-transport of azo-polymers by illumination of tightly focused 1-um picosecond optical
vortex pulses with a pulse width of 8-ps through two-photon absorption. The chiral surface relief formation requires
picosecond pulses with a relatively long pulse duration. In fact, it is also worth noting that it is difficult to create such
chiral surface relief by employing 2-ps optical vortex pulses.

Keywords: azo-polymer, optical vortices, two photon absorption, singular optics, laser materials processing

I Introduction

Optical vortex exhibits a helical wavefront to induce an
annular intensity profile and carry optical orbital angular
momentum (OAM), characterized by topological charge €
[1]. Such physical properties of optical vortex provide
new fundamental and applied sciences in various fields,

such as laser scanning microscopy, optical
telecommunication, quantum optics, and optical
manipulation.

In particular, it is worth noting that optical vortex can
twist materials, such as silicon, metal and liquid resin, to
form unique structures with a chirality assigned by the
twisting direction (i.e. handedness) of the helical
wavefront of optical vortex [2,3]. In recent years, we and
our co-workers have discovered that green continuous-
wave (cw) optical vortex also twist an azo-polymer film
to form a chiral surface relief with the help of spin
angular momentum (SAM, s) associated with a circular
polarization [4,5]. Such chiral surface relief will be
applied to the chiral plasmonic
manipulate the polarization and concentration of chiral

meta-surface to

molecules and their aggregations.

The two-photon-absorption (TPA) process has always
been offering us new fundamental sciences and advanced
applications, for  instance, as 3-dimentional
micro/nanofabrication, etc. [6]. Most studies of surface
relief formation in azo-polymers, however, are based on
single-photon-absorption (SPA). Surface relief formation
via TP A has not yet been experimentally and theoretically
established. Surface relief formation via TPA should
provide entirely new fundamental phenomena, such as
spin and orbital angular momentum coupling in TPA,
with nonlinear optics and photochemistry.

As a pioneering work, Ishitobi et.al. have demonstrated
two-photon-absorption induced surface relief formation
in azo-polymer by irradiation of femtosecond laser pulses
[7]. However, the femtosecond laser with a rather shorter
time duration in comparison with required time for photo-
isomerization was ill suitable for efficient mass-transport
of azo-polymers. In fact, a height of the generated surface
relief was limited to be only 40nm.

In this paper, we report on chiral surface relief
formation of azo-polymers via TPA by the illumination
of 1 um picosecond optical vortex pulses.
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II Experiments

Azo-polymer film used in our experiments exhibited no
significant absorption in near-infrared region. A 1-um
picosecond laser with a pulse width of 8 ps, a pulse
repetition frequency of 40 MHz, and average power of 40
mW, was conducted, and its output was converted onto a
right-handed circularly polarized optical vortex with £=1
and s=1 by utilizing a spiral phase plate (SPP) and a
quarter wave plate (QWP). The generated vortex beam
was tightly focused to be a 4 pm annular spot onto the
azo-polymer film surface by a high numerical aperture
objective lens (NA = 0.9). The focused laser intensity was
then estimated to be 1.1 GW/cn?.
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Figure 1. (a) Absorption spectrum of the azo-polymer
used in our experiment. (b) Experimental setup.

Figure 2 shows the temporal response of surface relief
formation in azo-polymer film. After laser was turned on,
mass-transport of azo-polymers occurred along the
intensity profile within one minute. Subsequently, azo-
polymers revolved azimuthally and were directed radially
toward the dark core of optical vortex, so as to establish

the chiral surface relief within exposure time of 3 minutes.

The diameter and height of the relief was measured to be
a 3 um and 390 nm, respectively. The twisted direction of
the surface relief was then assigned by the handedness of
optical vortex in Fig. 3.

1 min. 3 min.

Figure 2. Temporal evolution of right-handed chiral
mass-transport of azo-polymer by illumination of 8-ps
optical vortex pulses
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Figure 3. (a) Right-handed- and (b) left-handed- chiral
surface relief in azo-polymer film by illumination of
right-handed and left-handed optical vortex pulses.

In contrast, 2-ps right-handed optical vortex pulses,
which had a pulse width comparable to the required time
for photo-isomerization, impacted the efficient OAM
transfer, thereby resulting in the creation of only non-
chiral surface relief with a height of 110 nm even with an
exposure time of ~10 minutes (Fig. 4(a)). Chiral surface
relief formation by irradiation of 2-ps vortex pluses
required an exposure time of at least 60 minutes.

(@)

Figure 4. Surface relief in azo-polymer by illumination

of 2-ps optical vortex pulses with exposure time of (a)
10- and (b) 60- minutes.
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IIT Conclusion

We have demonstrated, for the first time, TP A-induced
chiral mass-transport of an azo-polymer by illumination
of 1-um picosecond optical vortex pulses, so as to
establish a chiral surface relief with a diameter of 0.7
times the diffraction limit. Efficient chiral surface relief
formation requires optical vortex pulses with a longer
pulse duration in comparison with the required time for
photo-isomerization.
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Abstract

In order to achieve efficient optical manipulation and sorting of nanoparticles, both enhanced optical forces and a large
interaction volume are required. In this work, we investigate the use of a tapered glass capillary as an optofluidic platform
for the optical manipulation of nanoparticles. We perform numerical simulations in order to evaluate the optical properties
of glass micro- and nanocappillaries. Then we fabricate tapered capillaries with micrometer and sub-micrometer sizes
using a heating and pulling method. After injecting a sample solution containing red fluorescent diamond particles inside
a tapered capillary, we couple the light from a 532 nm laser source into the capillary. Optical propulsion of the brightest
particles is achieved using a laser power of few tens of milliwatts. Particle velocities reaching few tens of micrometers per

second are measured.

Keywords: optofluidics, optical manipulation, optical sorting, nanodiamonds, photonics, partially liquid core

waveguide, lab-on-a-chip, lab-in-capillary

I Introduction

Optical forces provide an efficient and contactless way
to detect and separate objects in liquid colloidal
suspension according to their optical properties. For
instance, depending on the wavelength and polarization
of the light, object-dependent optical forces can be
applied to a large number of particles in solution,
allowing for selective optical trapping or selective optical
transportation. This effect can be used to achieve optical
sorting of nanoparticles with different optical properties
[1-7]. Efficient optical manipulation of nanoparticles is
yet a challenging task as it usually requires the use of an
intense laser light to cover a large interaction volume, or
the use of plasmonic and photonic nanostructures that
offer only a very limited interaction volume.

In order to address this issue, we investigate here the
use of a tapered glass capillary as an optofluidic platform
for the optical manipulation of nanoparticles. We first
numerically evaluate the optical properties of glass
micro- and nanocappillaries. Then we describe the
fabrication process that allows us to fabricate micrometer
and sub-micrometer size glass capillaries. We finally
demonstrate the optical propulsion of fluorescent
diamond particles inside a tapered capillary.

*sasaki(@es.hokudai.ac.jp; phone 011 706-9396

II Experimental details

1. Capillary waveguides

A large variety of photonic waveguides have already
been studied for the purpose of manipulating particles in
different integrated optofluidic environments. While
single-mode and few-mode waveguides enable efficient
near-field optical trapping of particles and living cells [8-
15], hollow-core waveguides provide a better spatial
overlap between the light beam and the sample solution
[16-18].

We consider here glass micro- and nano-capillaries
filled with a water solution. When placed in an air
environment, a water-filled capillary acts as an optical
waveguide with a partially liquid core, since the refractive
indices of the capillary materials (Ngjass = 1.5, Dyaier = 1.33)
are higher than the refractive index of air (n,, = 1.0).
Figure 1 shows the electric field distributions of the
fundamental modes of capillaries with different sizes at
both 1064 nm and 532 nm wavelengths. Although the
single-mode regime can be reached only in capillaries
with sub-micrometer dimensions, larger capillaries may
still be used for optofluidic applications as a non-
negligible part of the guide light is located in the
evanescent field near the glass-water interface.
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Figure 1. Cross-sections of the electric field distribution
of the fundamental guided mode (a),(b) ina 2 pm large
capillary and (c),(d) in a 700 nm large capillary at
(a),(c) 1064 nm and (b),(d) 532 nm wavelengths.

2. Fabrication process

Tapered glass capillaries were fabricated using a
standard heating and pulling method that was first
developed for the fabrication of tapered optical fibers. As
shown in Figure 2, capillaries with sub-micrometer sizes
were successfully fabricated after optimizing the pulling
time and speed.

3. Fluorescent diamonds

Red fluorescent diamond particles with an average size
of 100 nm in water solution were purchased from FND
Biotech. Diamond is known as a hard dielectric material
with a high refractive index value (2.44 at 532 nm). In
addition, the NV- centers in the diamond particles show a
bright, robust (no photobleaching or blinking effects), red
fluorescence.

4. Optical setup

In order to perform optofluidic experiments, we
developed a home-made system to inject the sample
solution inside a tapered capillary. After cleaving the
capillary ends, the light from a green laser diode emitting
at 532 nm is coupled to the capillary via a cleaved optical
fiber coated with
microscope is used to observe and record the motion of

immersion oil. A fluorescence

the particles inside the capillary.
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@in =750 nm @in =230 nm
Figure 2. Scanning electron microscopy images of two

broken tapered glass capillaries of different sizes.

III Results and Discussion

By monitoring the output power at the end of a
we could measure
reaching 20%. The
transmission efficiency takes into account both the fiber-

solution-filled tapered capillary,
transmission efficiency values

to-capillary coupling losses at the input end of the
capillary and the radiative losses occurring in the tapered
region of the capillary.

Using a tapered capillary of 6.7 um outter diameter and
an input laser power of few tens of milliwatts, the
propulsion of the brightest diamonds inside the capillary
was successfully observed. The experiment was
reproduced in a 2.2 pum outter diameter capillary. By
analyzing the motion of the particles, we could measure
particle velocity values reaching few tens of micrometers
per second. Varying the input laser power allowed us to
control the particle velocity.

IV Conclusion

This work aims at developing new optofluidic
We first

investigate the optical properties of water-filled capillaries.

platforms using tapered glass capillaries.

Then, we successfully fabricate tapered capillaries with
After
injecting a sample solution containing red fluorescent

micrometer and sub-micrometer dimensions.
nanodiamonds inside a tapered capillary, the optical
propulsion of bright diamonds is achieved under green

laser light illumination.
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The ideas of moving objects using laser beams, evoking concepts such as a “tractor beam” is
typically thought of as in the realm of science fiction. In the laboratory science fiction turns
into science fact: a powerful technique known as “optical tweezers” (OT) shows that
micrometre-sized particles (and even biological material and atoms) can be grabbed, moved
and generally manipulated without any physical contact using optical forces. This is a
powerful demonstration of the optical dipole or gradient force in action. For such “optical
tweezers” Arthur Ashkin was the co-recipient of the Nobel Prize in Physics in 2018. The
approach has enabled unprecedented insight into biological molecules such as DNA and
molecular motors as well as cell-cell interactions. In the mesoscopic world of optical
tweezers, researchers are now harnessing these systems to study a host of fundamental
science: this includes advanced colloidal interactions, dynamics of particles in various
potentials (with strong analogues to atomic systems), optically bound matter, studies of the
optical angular momentum of light. The list is ever growing.

This talk will give a perspective of the history and future of studies in optical manipulation.
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Abstract

We experimentally characterize the optical-vortex-induced orbital motion of particles in microchannels for the

development of manipulation techniques. The use of channels with small confinement in the beam propagation direction

leads to in-plane orbital motion. Thus, simple 2D image analysis enables quantitative evaluations of the diameter and velocity

of the microparticle orbital motion. We carry out experiments with different topological charges of the Laguerre-Gaussian
beam and compare the orbital diameters with those given by Rayleigh scattering theory. We find that the variation in
diameter for different topological charges shows a good agreement with the theory.

Keywords: Optical manipulation, Rayleigh scattering, Laguerre-Gaussian beam, Optical vortex

I Introduction

Since Allen’s discovery that optical vortices have a
orbital
various studies have been carried out to characterize optical
vortices and explore their applications, such as chirality
control and optical trapping. In particular, it has been found

polarization-independent angular momentum,

that optical vortices can induce orbital motion of
microparticles. Detailed analyses of the orbital motion and
the extension of the particle diameter range to the nanoscale
are important tasks for developing future applications of
optical vortices for manipulation. In this paper, we analyze
the motion of 1-um particles in microchannels and establish
an experimental procedure to characterize the in-plane
orbital motion.

IT Experimental Method

A liquid crystal on silicon - spatial light modulator
(LCOS-SLM) was used to generate an optical vortex. A
near-infrared laser (A = 1064 nm) was used as the incident
Gaussian beam. In addition, an excitation beam (A = 488
nm) was combined with a Laguerre-Gaussian (LG) beam
and these beams were guided to an inverted microscope, as
shown in Fig. 1, which was used to observe the fluorescence

*kawano@me.es.osaka-u.ac.jp
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Fig. 1 Overview of optical setup.
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of particles in microchannels with a height of 8.1 um. Due
to the small confinement in the beam propagation direction,
we can obtain in-plane 2D video of the particle motion [1].
Since the optical forces strongly decrease with the particle
diameter, smaller particles are more difficult to characterize.
As a first step toward nanoparticle manipulation, we chose
particles with a diameter of 1 pm in this study to allow for
high-resolution and  high-speed observations, and
established a method for evaluating the optical-vortex-
induced particle motion. The aqueous solution used
contained fluorescent polystyrene (PS) particles (radius a =
500 nm) and 1 wt% surfactant Triton X-100 to avoid

agglomeration.
III Results and Discussion

The gradient force mainly traps particles on the ring-
like laser power intensity distribution with diameter d,, =

Proc. of SPIE Vol. 11141 1114101-88



OMC-6-02

2wo (m/2)V?, where wy is the beam waist at the focal plane
[1]. On the other hand, a scattering force, which has an
azimuthal component, drives the particle orbital motion.
First, we show the orbital motion of two PS particles. When
the microchannel was irradiated with an optical vortex with
m =5, the particles underwent orbital motion, as shown in
Fig. 2. Particles 1 and 2 orbited about the optical axis,
which is the center of the panels, in the counterclockwise
direction with time ¢. To evaluate the orbital diameter d,,
the images were averaged over entire frames and the
resulting fluorescence intensity distributions were analyzed.
It was found that ds = 4.6 pm. An optical vortex with m =7
was also employed to investigate the effect of topological
charge m on the diameter, and d7 = 5.4 um was obtained.
The ratio d7/ds predicted by Rayleigh theory [3] is (7/5)"2=
1.18, which is in good agreement with the experimental
value of 1.17. Therefore, Rayleigh theory well predicts the
effect of topological charge m on the diameter of the orbital
motion.

The trajectory of the particle (x, y) = (x,(¢), yy(¢)) was
analyzed by the particle tracking method. Figure 3(a) shows
X, and y, as functions of ¢ It is clear that the particle

(c)1.04 s

1%

Fig. 2 In-plane orbital motion of particles induced by an
optical vortex with a topological charge of m = 5.
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Fig. 3 (a) Trajectory of the particle. (b) Force component in
the @ direction on the particle.
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underwent orbital motion with radius » =~ 2.3 pum. We
evaluated the force Fy in the azimuthal direction 6, which is
shown in Fig. 3(b). Since the angular velocity of the particle
is constant in time and the Reynolds number Re = 2prvou !
=5x107 < 1 is negligibly small—where p = 10° kg/m® is
the mass density of water, u = 8.6 x 10 Pa's is the
viscosity at 300 K, and vy is the azimuthal velocity
component—we assume that the azimuthal optical force Fy
is balanced with the Stokes drag Fy = 6muave, as in the case
of the preceding study [1]. Fy was 7.5 x 1072 pN in the
present case of the 1-um particles. Note that the radial
optical force F, acts as a centripetal force, and was
estimated as 2.0 x 107 pN. In the case of nanoparticles, as
the particle diameter decreases, the optical force decreases
and Brownian motion becomes prominent; thus, a more
careful analysis and a larger data set are necessary.

IV Concluding Remarks

In this study, forces acting on particles by an optical
vortex were analyzed by the 2D image analysis of particle
orbital motion near the upper wall of a microchannel.
Rayleigh scattering theory was found to qualitatively
predict the orbital diameter. A similar characterization of
nanoparticles is planned for the future, and is expected to
extend the range of applications to nanoscale biological
objects, such as viruses or allergen particles with diameters
of less than several hundreds of nanometers.

In the development of lab-on-a-chip fluidic sensors,
combination with electrophoresis [4], thermophoresis [5],
electrohydrodynamic flows [6][7][8], and/or the optical
control of micro/nanoparticle motion [1][3] has attracted
attention, and will be attractive for single-molecule
measurements in the research area of bio-nanotechnology.

[1] Nito, F., et al., J. Phys. Chem. C 122, 17963-75 (2018).
[2] Ng, J., et al., Phys. Rev. Lett. 104, 103601 (2010).

[3] Nagura, R., et al., Proc. SPIE 10712, 107121C (2018)
[4] Tanaka, S., et al., Sci. Rep. 6, 31670 (2016).

[5] Tsuji, T., et al., Phys. Rev. Appl. 9, 024035 (2018).

[6] Yano, A., et al., Jpn. J. Appl. Phys. 56, 097201 (2017).
[7] Doi, K., et al., J. Chem. Phys. 148, 204512(2018).

[8] Nagura, R., et al., Micro Nano Lett. 12 526-531 (2017).
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Abstract

Here, we describe Raman imaging of plasmonic Ag nanostructure for site-dependent molecular trapping analysis under
electrochemical potential control. Ag nanostructure was prepared by nanosphere lithography (NSL) techniques with the
polystyrene templates. Excitation of Ag nanostructure with 633 nm laser induced the fluorescence from Ag nanocluster
and Raman signals from 4,4’-bipyridine molecules. Adsorption states of molecules were defined during optical
measurements by controlling the electrochemical potential. Raman imaging was conducted depending on molecular
concentration and light intensity to investigate the site-dependent molecular trapping analysis. We found that we can
classify the spots showing anomaly in particular to the light intensity from Raman imaging.

Keywords: Plasmonic nanostructure, Optical imaging analysis, Surface enhanced Raman spectroscopy,

Electrochemistry, Optical trapping

I Introduction

Metal nanostructures can confine incident light to
induce localized surface plasmon polariton. Surface
plasmon associates steep interfacial electromagnetic

fields,
luminescent signal from molecules at metal surface [1, 2].

which can enhance Raman scattering or

The enhancement factor heavily depends on the
composition, size and shape of metal nanostructures [3].
In addition, Raman spectroscopy is a powerful tool to
provide the molecular information such as number of
molecules and molecular orientation at metal surface [4].
On the other hand, optical imaging of nanostructure
provides statistical information on optical behavior based
on the site-dependent time-course analysis. Imaging
methods are actually useful because heterogeneity on the
nanostructure can be also evaluated.

Here, we describe that our investigation on Raman
imaging of plasmonic Ag nanostructure for site-
dependent molecular trapping analysis. Ag nanostructure
was prepared by beads template methods and optical
properties are evaluated under electrochemical potential
control. In addition, emission imaging provides us the
information on the fluorescence from Ag nanocluster and

surface enhanced Raman scattering (SERS) from surface
adsorbing molecules. Interestingly, we found that this
emission behavior is heavily dependent on molecular
concentration and light intensity. The analysis of blinking
behavior provides us the information on the heterogeneity
on SERS-active nanostructure.

II Experiments

A periodic array of triangular Ag nanoparticles was
prepared on the conductive glass substrate, indium tin
oxide (ITO) by the nanosphere lithography (NSL)
technique [5]. Polystyrene beads with diameters of 350
nm were used for the preparation of the template. The Ag
was vacuum-evaporated to a thickness of 30 nm. The
obtained substrate was denoted Ag NSL. The extinction,
scattering and emission spectra of the prepared Ag NSL
substrates were recorded wusing a multichannel
spectrometer (MCPD-2000). The extinction and scattering
spectra were recorded using as halogen lamp. The
emission spectra and images were acquired from the
objective-type (60%) total internal reflection fluorescence
(TIRF) microscopy using a 633 nm excitation laser (—0.1
mW cm™), in which the emission with the wavelength
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longer than 670 nm was collected. Electrochemical

experiments were conducted by three-electrode
electrochemical cell placed on the top of microscope. Ag
NSL, Ag/AgCl, and Pt wire were used as working,
reference, and counter electrodes respectively (Figure 1a).
All the electrochemical potentials were referenced to the
Ag/AgCl.

(a) CE:Pt— RE:
AgiAgCl

Figure 1. (a) TIRF imaging setup under
electrochemical potential control. (b) AFM image of
prepared Ag NSL on ITO substrate.

IIT Results and Discussion

Successful fabrication of the NSL substrate was
confirmed from AFM images as shown in Figure 1b. A
characteristic array of triangular Ag nanoparticles was
observed. Fabricated Ag NSL was used as working
electrode and placed on the microscope for the optical
in 0.1 M NaClO,
respectively. Electrochemical potential was kept at 0 V to

measurements and immersed
avoid the photo-oxidation of Ag NSL under intense laser
irradiation during the optical experiments. Extinction
spectra of Ag NSL showed broad peak located at 600 nm.
Scattering spectra of Ag NSL showed broad peak located
at 700 nm.

We studied emission properties of plasmonic Ag
nanostructures. Emission spectrum was obtained through
excitation of Ag NSL by 633 nm laser. Fluorescence
behavior was observed around 710 nm which was due to
the Ag nanocluster [5]. Addition of 4,4’-bipyridyine
(denoted as bpy thereby) molecules into electrolyte did
not influenced on neither extinction nor scattering
spectrum but influenced on the emission spectrum.
Intense sharp peaks are found at 704 nm and 688 nm,
respectively. These peaks are assigned to 1600 cm™ and
1110 em™ in Raman scattering from surface adsorbing
bpy molecules, respectively.

OPTICS & PHOTONICS International Congress 2019

We examined the emission imaging of Ag NSL. Figure
2a showed the 3D plot of averaged intensity depending on
the sites. Averaged intensities of the emission sites were
site dependent. This is originated from fluorescence from
Ag nanocluster and SERS signal from molecules as
discussed above. Figure 2b shows the histogram for the
averaged intensity from Ag NSL in 0.1 M NaClO4 and Ag
NSL in 0.1 M NaClO,4 and 10 mM bpy solution. In the
absence of bpy, there was mainly single distribution
located at 77 counts in averaged intensity. On the other
hand, in the presence of bpy molecules, there were two
distinguishable distributions located at 77 counts and 83
in averaged intensity. This can be understood as emission
originates from SERS and fluorescence. Therefore SERS
signal can be distinguished by considering the averaged
emission intensity.
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Figure 2. (a) 3D plot for averaged intensity from
imaging analysis of Ag NSL in 0.1 M NaClO, and 10
mM bpy aqueous solution. (b) Histogram of averaged
intensity. White histogram : Ag NSL in 0.1 M NaClOy
aqueous solution. Gray histogram : Ag NSL in 0.1 M
NaClO,4 and 10 mM bpy aqueous solution.

Proc. of SPIE Vol. 11141 1114101-91



OMC-6-03

Blinking behavior was examined through the imaging
analysis. As discussed above, averaged intensity of sites
are related to the SERS and fluorescent signal. Figure 3
shows the time-course of the intensity of signals at
different sites with similar averaged intensity. Multiple
“ON” states and intensive blinking were observed in
Figure 3a. On the other hand, there were less “ON” state
and blinking behavior was seldomly observed in Figure
3b.

(a)

Intensity

Time /s

(b) 20 counts

o [

‘o

c

Q

c m | | [

= |

0 2 4 6 8 10

Time /s

Figure 3. Blinking behavior of Ag NSL in 0.1 M
NaClO,4 and 10 mM bpy aqueous solution with

different sites with similar averaged intensity.

We found that this blinking behavior was dependent on
the bpy concentration and light intensity. By increasing
the concentration of bpy molecules in solution, Raman
signals were hardly observed. Interestingly, some sites are
actually light intensity dependent. As increasing the light
intensity, higher intensity in SERS signals was observed.
This observation suggests that plasmonic fields might
enhance the optical trapping of molecules even at lower
intensity.

In conclusion, we successfully demonstrated that Ag
nanostructure can be utilized for the Raman imaging of
site-dependent molecular trapping analysis. We found that
Raman signals can be distinguishable even without

OPTICS & PHOTONICS International Congress 2019

spectral information. We also confirmed that SERS
signals are dependent on concentration of molecules.
Furthermore, we found that there are specific sites, which
is actually responsible to the light intensity in terms of
SERS signal. We are currently investigating the Raman
imaging by using well-defined Ag nanostructure
fabricated by electron beam lithography.

*tfuku@sci.hokudai.ac.jp; +81-11-706-4811
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Abstract

Nanoscale objects demonstrate various optical response induced by the quantum size effect. The response would be
controlled by ordering such small objects on a surface of material or substrate. In this study, we investigate a formation of
two-dimensional arrangement by the optical force on multiple gold nanoscale particles. Only a single focused laser is
applied to solvent with the particles. A lot of nanoparticles are trapped in the vicinity of focal spot. We focus on the multiple
scattering of optical electric fields due to the nanoparticles and calculate the optical force numerically in the self-consistent
method. When the linear polarized laser is applied, the nanoparticles show the formation in a linear arrangement. Such
formation is not observed for the self-assembled growth, where the hexagonal close-packed structure is formed.

Keywords: Optical manipulation, Nano particles, Plasmonic particle, Scattering light

I. Introduction

Nanoscale materials show attractive optical properties
due to the quantum size effect, where the characteristic
lengths of electron, light, and material are comparable. The
optical properties, e.g. spectrum of quantum dots [1], can
be engineered by a management of their size and structure.
Moreover, a regular alignment of nanomaterials would
result in an exotic optical response not observed in nature.
Such systems are called meta-material [2]. The fabrication
of regular structure using nanoobjects is not easy due to
difficulties of direct and selective operation.

An optical manipulation is another candidate to form the
regular structure of nanomaterials. The optical manipu-
lation is caused by the interaction between light and matter,
where the optical force on small objects is induced by a
momentum transfer from light to matter and a gradient of
electromagnetic fields in space. The former and later forces
are called scattering and gradient forces, respectively [3].
Ashkin et al. have demonstrated the optical tweezer by
applying a single focused laser on a dielectric particle with
microscale diameter [4]. The particles are trapped in the
vicinity of focal point since the gradient force is enlarged.
The optical manipulation has many advantages, e.g., a non-
contact operation. The polarization and frequency degrees
of freedom of incident laser lead to rich variety for the
optical manipulation.

Recently, a formation of two-dimensional arrangement
of polystyrene [5] and gold nanoparticles [6] on the glass
substrate by a single focal laser has been reported by Kudo
et al. They have observed a time-evolution of assembly of
nanoparticles and revealed a dependence of assembly on
the linear and circular polarizations. Moreover, they have
found the optical trapping beyond the size of focal spot.

In this study, we investigate theoretically a formation of
ordered two-dimensional structure of gold nanoparticles

particles form scattered electric fields. We simulate the
scattered fields numerically. The fields induce the optical
force even on the particles located even at the outside of
focal area. Each particle moves along the optical force and
stops at a stable position determined by an interference
between the scattered fields. We show clearly that the
ordered structure of trapped nanoparticles by the focal
laser is changed by the polarization.

II. Model and Simulation Method

In this section, we describe our model and method of
numerical simulation. We consider multiple gold spherical
nanoparticles in a water solvent. The solvent is sandwiched
by two glass substrates. A focal laser is applied to the
solvent. The incident direction is perpendicular to the glass
substrate and the particles are optically trapped in the
vicinity of focal point. We assume that the dynamics of
particles is restricted in a two-dimensional space parallel
to the substrate.

The optical electric fields are scattered by the multiple
particles in the vicinity of focal point. The scattered fields
by the particles have to be considered self-consistently. We
utilize the T-matrix method [7] to obtain the self-consistent
electric fields numerically. The optical force on each
particle is evaluated from the Maxwell’s stress tensor. This
force drives the particle in the 2D plane.

The dynamics of particles follows the Langevin
equation with the optical driving forces and the viscosity
of solvent. After a short interval in time, all particles
change their position. Therefore, the multiple scatterings
of fields and the optical forces are also changed. We
simulate the dynamics by calculating these processes in
iterative.

We assume water and gold as solvent and trapped
particles, respectively, whose refractive indices are ny =
1.33 and nau = 0.258+16.97. The diameter of spherical gold

beyond the irradiation area of a single focal 1&¢ee. MSRIBI¥ol. 111ddrtidlk!99-900nm. The incident laser is perpendicular to
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Figure 1. (Color) Electric field with three particles for linear
polarization along the x-axis. Black circles indicate the position
of gold particles.
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Figure 2. (Color) Electric field with seven particles for
clockwise circular polarization. Black circles indicate the
position of gold particles.

the xy-plane and the center of focal point is located at the
origin. The laser shape is described in term of the Gaussian
function. The numerical aperture is NA = 0.95. The wave-
length is 1064nm. The particles can move in the 2D plane
at z = 0, however, we disregard the presence of glass
substrate for simplicity in our numerical calculation. The
random force for the Brownian motion is neglected. The
viscosity of water is 0.890mPa-s.

III. Calculated Results

1. Linear polarization

First, we apply a linear polarized incident field to the
nanoparticles. In the case of linear polarization along the
x-direction, the gold particles are aligned perpendicular to
the linear polarization with finite distance between the
particles. Figure 1 shows one of simulated results of the
position of particles after the time-evolution following the
optical driving forces. At the initial condition, one particle
is trapped at the center of focal spot, and the others are
distributed in the vicinity of the spot (not shown). Figure 1
indicates the final positions, where the particles are stable.
The scattering from the central particle gives a main
contribution to the scattered fields. If there is only one
particle located at the origin, the system and scattered field
shows a mirror symmetry with respect y = 0. The scattered
field exhibits an oscillation of field intensity, the period of
which oscillation is comparable with halves of the wave-
length A of incident light in the medium (A=800nm). If
one puts the second particle, the particle moves to the high
intensity position and surround along the circle. At the end,
it arrives on the x = 0 line, where is the most stable point
on the high intensity circle. The third particle is also
located finally along or near the y-axis.

The presence of second, third, and more particles
breaks the mirror symmetry. Moreover, we find an
interference of electric fields due to the multiple scattering.
The interference results in another stable position on the y-
axis. If one adds several particles in Fig. 1, one of the
particles might be trapped on x = 0 line with a finite
distance from the origin (not shown). It supports an

assembly formation in the 2D regular arrangement in
experiment [7].

2. Circular polarization

Next, we consider a circular polarization. In this case, a
scattered field is isotropic when only one particle is trapped
at the origin. For the second particle, there is no stable
position on the high intensity circle to stop the optical
driving motion due to the rotational symmetry. Therefore,
the (second, third, and more) peripheral particles continue
to move along the high intensity circle in the clockwise or
counterclockwise direction according to the circular
polarization of incident field.

The radius of high intensity circle for the circular polari-
zation is also integer multiple of the wavelength A. Thus,
the length of circle is A. If the distance between the
optically trapped particles is roughly A, up to six particles
are stored on the first circle, which means the hexagonal
package. Figure 2 exhibits, however, storage of seven
particles. This is note observed in the experiment [7].

IV. Conclusions

We have demonstrated a numerical simulation of
dynamics of multiple gold nanoparticles by a single
focused laser. The focused laser induces the optical forces
on the particles not only inside the focal spot but also out
of the spot. Moreover, the optical forces depend on the
polarization of incident laser. The dynamics is accelerated
by the optical force. As a consequence, we obtain different
2D arrangement of gold nanoparticles according to the
kinds of polarization.
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Abstract

We study theoretically an optical trapping of many nanoparticles by a single focused laser. The optical trapping of
nanoparticles at an interface between a water solvent and a glass substrate forms a two-dimensional assembly of
particles. Since the trapping force depends on the polarization of incident light, the shape and structure of assembly
depends on the polarization. To understand an origin of the assembly formation, we examine numerical simulations of
the light scattering and optical force with ordered structures of polystyrene nanoparticles by using the T-matrix method.
The electric fields give the optical force on the polystyrene nanoparticles. The simulated results follow a formation of
two-dimensional ordered structures beyond the focal size and their polarization-dependence. If the linear polarization
is applied, the assembly shows a tetragonal regularly ordered structure. The scattering directions of light from the center
of assembly and focal spot are four according to the symmetry of tetragonal structure. The particles swarming around
the assembly are attracted to the scattering light by the gradient force, and would form four horns evolved from the
assembly. In the case of circular polarization, the assembly of optically trapped particles shows a hexagonal structure.
Then, the number of directions of the light scattering becomes six according to the symmetry of assembly. The number
of scattering directions corresponds to horns. Our results for both polarizations agree with experiment by Kudo ef al.
[Nano Lett., 16, 3058 (2016)].
Keywords: Optical manipulation, Polystyrene nanoparticles, Assembly formation, T-matrix method

The optical trapping has a potential to form a regular
structure of nano-materials. Recently, T. Kudo et al. have
reported a formation of two-dimensional arrangement of
polystyrene [4] and gold nanoparticles [5] by the optical

I. Introduction

An optical manipulation of small objects is attractive
since it is a non-contact technique. The optical manipu-
lation or trapping is proposed first by A. Ashkin in 1970

t i t an interf: fwat lvent and gl bstrate.
[1] and developed in physics, chemistry, and biology. The rapping @ afl Meriace o1 Waiet so Vent and g1ass Substrate

This trapping is achieved by a single focal laser. They have
observed an assembly of optically trapped nanoparticles
around the focal spot of laser. The assembly spreads
optical beyond the size of focal spot and shows a regular

optical trapping utilizes a radiation pressure (scattering
force) and a gradient force in a focused laser [2]. These
forces are weaker as a volume of trapped material is

smaller. Therefore, the optical manipulation for the nano- .
arrangement of nanoparticles. Moreover, the arrangement

depends on a kind of laser polarization.
In this study, we theoretically investigate the optical

scale objects is a challenging issue.

Nanoscale materials, e.g. semiconductor quantum dot,
are also attractive subject since the quantum and electronic
characters depend on their size and shape significantly.
Such property is called the quantum size effect. In other
words, objects with identical composition but different
sizes and shapes work as “different materials” each other.
The optical property of such nano-materials also can be
engineered by the size, shape, and structure [3]. In addition
to the material engineering, the regular structure of such

trapping of many polystyrene nanoparticles at water/glass
interfaces. We examine a numerical simulation of light
scattering and optical force based on the T-matrix [6]. First,
some polystyrene particles are trapped by a focal laser, and
the light is scattered by the trapped particles. The scattered
electric field of light binds other particles at the outside of
focal spot. Then, the bounden particles at the outside
extend the scattered field. These iterative processes form

materials may induce and enhance their antum .
Y . duantu the assembly of particles beyond the focal spot. Our

properties. However, an accurate manipulation of nano-

. . . . . numerical calculation supports this scenario. The
scale objects is not easy due to difficulties of direct and PP

. . arrangement of trapped particles depends on the kind of
selective operation.
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linear/circular polarizations. Our results explain the
experimental observation in [4] qualitatively.

II. Model and Method

In this section, we describe our model and method of
numerical calculation. We consider a lot of polystyrene
spherical nanoparticles in a water solvent. The solvent is
sandwiched by two glass substrates. A focal laser described
by the Gaussian function is applied to the solvent. The
direction of incident light is perpendicular to the substrate
and the particles are optically trapped in the vicinity of
focal point. We restrict the dynamics of particles in a two-
dimensional plane on the substrate.

An incident electric field of light is scattered by the
polystyrene particles. In the presence of many scatterers,
we have to take multiple scattering processes into account.
We utilize the multiple T-matrix method [6] to obtain the
electric field self-consistently. The optical force on each
particle is evaluated from the electromagnetic fields by
using the Maxwell’s stress tensor.

In the numerical calculation, we assume polystyrene
particles with the refractive index being npoy = 1.59 in a
water solvent with swater = 1.33. The refraction and reflec-
tion of light due to the glass substrate are disregarded. The
diameter of particles is D = 500 nm. The wavelength of
incident laser in vacuum is 4= 1064 nm. The focused laser
is described by the Gaussian function with a focal waist
being wo = 500 nm, which is almost the diffraction limit. In
the calculation, we place the particles with a regular
structure in the vicinity of focal point. For the regular
arrangement, a distance between the particles is A = 550
nm corresponding roughly to the experimental observation
[4]. We set the x- and y-axes parallel to the substrate and
the z-axis is perpendicular.

II1. Calculated Results

1. Linear polarization with tetragonal arrangement

We apply a focused laser with linear polarization along
the y-direction when an assembly of polystyrene particles
is present at the focal spot. The assembly is formed and
kept by the optical force. In our simulation, we assume a
regular tetragonal arrangement of nanoparticles [4], shown
in Fig. 1. Here, 17 x 17 = 289 particles are arranged in the
tetragonal distribution.

Figure 1 shows a total electric field which is a sum of
incident and scattered fields. Around the focal spot, the
total field is relatively stronger due to the incident
component. The incident field is scattered by all particles

OPTICS & PHOTONICS International Congress 2019
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Figure 1. Total electric field with a tetragonal arrangement
of 289 polystyrene nanoparticles. An incident light has the
linear polarization in the y-direction. A normalized field

intensity is plotted in the colored- and logarithmic-scale.

They are tilted about 60 degrees from the polarization
direction. The trapped and surrounding particles are
attracted to the enhanced field by the optical gradient force.
Therefore, the spatial-distribution of scattering field
supports the experimental observation with four horns
developed from the assembly.

To discusses an influence of regular structure of trapped
particles on the scattering field, we examine a randomly
distributed assembly (not shown). For the random distri-
bution, we find no particular enhancement nor structure of
scattering field. Moreover, if the trapped particles form
regular structure with multiple layers in the z-direction, the
enhancement of scattering field is stronger than that by a
single layer (not shown). These results mean a self-
assembled optical trapping for multiple particles.

2. circular polarization with hexagonal arrangement

For the linear polarization, the system has a mirror
symmetry at x = 0. The circular polarization brings
rotational symmetry if one takes a time average. Therefore,
a regular structure of trapped particles shows a hexagonal
arrangement [4]. Then, we examine the scattering electric
field for the circular polarization by the hexagonal
structure in Fig. 2. The number of particles in an assembly
is 271.

The scattering of light by the hexagonal arrangement is
directed in six directions in Fig. 2, which follows the 6-fold
symmetry of the hexagonal distribution. The surrounding
particles are attracted by the gradient force to the scattered
field in the six directions. The enhanced field in the six

in the assembly, which field is enhanced in feusdweSRERYOI. 111(f‘i}eéfi104ﬂghaglitatively explains a formation of six horns
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Figure 2. Total electric field with a hexagonal arrange-
ment of 271 polystyrene nanoparticles. An incident light
has the circular polarization. A normalized field intensity

is plotted in the colored- and logarithmic-scale.

found in the experiment [4]. The scattering directions of
light are perpendicular to the edges of particle arrangement,
not be directed to its corners. This means that in the
assembly, the light is scattered and enhanced by distributed
particles, not propagates along the aligned particles.
Moreover, the particles in the assembly are pushed by the
optical force. The force on each particle is clockwise or
counterclockwise direction against the center of laser spot
according to the direction of circular polarization. Thus,
the optically trapped assembly is rotated. These dynamics
may be induced by a transfer of the angular momentum of
circular polarization to the particles.

IV. Conclusions

We have theoretically studied the scattering of light due
to the optically trapped polystyrene nanoparticles. When
one applies the focused laser to the water solvent with
many polystyrene nanoparticles, the particles are optically
trapped at the water/glass interface and form an assembly
around the focal spot. The assembly of particles depends
on the kind of polarization. The incident light is scattered
by the trapped assembly, which scattering field depends on
the distribution of assembly. Moreover, the scattered field
traps surrounding particles. By these processes, we find the
polarization-dependent assembly of particles beyond the
laser focal spot. Our numerical calculation follows this
self-assembled structure and the experimental observation
in [4].

OPTICS & PHOTONICS International Congress 2019
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Abstract
Plasmonic near-field enhancements offer extensive potential for amplifying light-matter interactions. A fascinating yet
challenging application of plasmonics is to manipulate chemical reactions via enhanced near-fields. In this contribution,
we demonstrate ground-state dissociation of a metal carbonyl compound in a liquid phase by employing plasmonic near-
fields of chirped mid-infrared pulses. Both down-chirping and near-field enhancements contribute to enhance multi-
quantum vibrational excitation and to induce dissociation. Here we use pump-probe spectroscopy to observe cumulative
adsorption of the dissociated species on the gold surface. Our results indicate that plasmonics, combined with mid-

infrared ultrashort pulse technologies, are useful for manipulating vibrationally-mediated chemical reaction control.
Keywords: surface plasmon, ultrafast infrared spectroscopy, vibrational ladder climbing, chemical reaction control

I Introduction

Surface plasmon excitation provides electric-field
enhancements on a nanometer scale, which offers
potential  for amplifying light-matter
interactions. One of the successful applications in the
infrared (IR) region is
absorption spectroscopy (SEIRAS)!. Recently, surface
plasmons have also been applied to ultrafast IR
spectroscopy, where third-order nonlinear signals were
substantially amplified®* by IR-resonant nanoantennas®’.
Although most of the previous studies have focused on
spectroscopic  applications,  plasmonic

extensive

surface-enhanced infrared

near-field
enhancements may also be applicable to manipulation of
chemical reactions via vibrational excitations.

Here we demonstrate vibrationally-mediated molecular
ground-state dissociation in a condensed phase, for the
first time to the best of our knowledge. Dissociation
reaction is achieved through efficient multi-quantum
vibrational excitation (or vibrational ladder climbing),
driven by plasmonically-enhanced chirped mid-IR pulses.
In our pump-probe reflection experiments, the enhanced
mid-IR pump pulses efficiently induce multi-quantum
vibrational excitation on the Tiu CO-stretching mode of
W(CO)e/n-hexane solutions, resulting in CO dissociation.
Here we observe cumulative adsorption of the dissociated
species on the gold surface upon pump-pulse irradiation.

*ashihara@iis.u-tokyo.ac.jp

II Methods

Gold nanoantennas are arranged in 2D arrays of
rectangular lattice on a 1-mm thick CaF, substrate (Fig.
la). Each nanoantenna is 1300-nm long, 200-nm wide,
and 100-nm high. The size of the array unit cell is 2.0 x
2.8 um. A W(CO)s¢/n-hexane solution is held between the
substrate and another CaF> window separated by a 25 pm
Teflon spacer. Our target mode is Tiu CO-stretching
mode of W(CO)s, which exhibits the center frequency of
1983 cm! and the FWHM of 3 cm™'.

The reflectance spectrum for the nanoantenna array
with the W(CO)s/n-hexane solution is shown in Fig. 1(b).
The broad resonance peak, corresponding to localized
surface plasmon resonance of the nanoantennas, is
modulated at the absorption band of W(CO)s with
spectral features characteristic to Fano resonance.
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Figure 1. (a) A scanning electron microscope image of
the gold nanoantenna arrays. (b) The measured
reflectance spectrum for the nanoantenna arrays with a
W(CO)s/n-hexane solution.
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IIT Results and Discussions

Enhanced pump-probe reflection spectroscopy is
performed by using mid-IR femtosecond pulses with the
center frequency of 1945 cm™! and the FWHM bandwidth
of 180 cm™! (Fig. 2a). Pump pulses are down-chirped by
linear dispersion in a 40-mm CaF: crystal, resulting in the
group delay dispersion of -24000 fs2.

The transient reflectance change at 2 ps delay time after
pump irradiation with fluence of 0.6 mJ/cm? is shown in
Fig. 2(b). The antenna-coupled system exhibits a positive
reflectance change at the fundamental T1u mode frequency
(1982 cm), attributed to ground-state bleach (v = 0—1)
and stimulated emission (v = 1—0), and negative
changes, attributed to
absorptions: v=1—2 at 1967 cm!, v =2—3 at 1953 cm’!,
v=3—4at 1931 cm’!, v=4—5at 1908 cm’!, v = 5—6 at
1889 cm’!, and v = 6—7 at 1966 cm’!. These resonance

reflectance excited-state

frequencies agree with those reported in previous studies®.
Note that this is the first observation of vibrational
excitation up to v = 6, whose energy is close to the
dissociation energy of one W-C bond.
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Figure 2. (a) A schematic of the antenna-enhanced
vibrational ladder-climbing. (b) The transient reflectance

change for the nanoantenna arrays with W(CO)e/n-hexane.
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We monitor the transient reflection at 2 ps delay time
for an hour, while irradiating the sample with the pump
pulse that has group-delay dispersion of -24000 fs?> and
fluence of 0.6 mJ/cm? at 1 kHz repetition rate. Figure 3
shows the transient reflectance change measured at
different irradiation time of 0-60 min. We clearly observe
that a new band grows cumulatively with the irradiation.
We also observe that the center frequency and the FWHM
bandwidth of the band are blue-shifting and narrowing,
respectively. After 60-min irradiation, the band exhibits
the center frequency of 1930 cm™! with FWHM of 22 cm.
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Figure 3. The transient reflectance change measured for

different irradiation time of 0-60min. Solid lines represent

Gaussian functions fitted to each spectrum.

The newly appearing band is attributed to ground-state
bleach of the Ai CO-stretching mode of the adsorbate,
whose resonance frequency coincides with those reported
in previous studies. Therefore the presented results
indicate that the down-chirped plasmonic near-fields
induce CO dissociation in the carbonyl compounds and
the dissociated species are adsorbed on the gold surface.
The fact that we observe multi-quantum vibrational
excitation up to the v = 6 state, whose energy is
comparable to the first bond dissociation energy, also
suggests the dissociation reaction.
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Abstract
Here we propose a weak measurement scheme to experimentally characterize the lowest order skew aberration in a two
lens paraxial system. The numerical analysis shows weak value amplification of sub-wavelength skew aberration to the

beam waist scale.
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I. Introduction

Skew aberration is a weak polarization rotation
associated with the accumulation of spin-redirection
geometric phase by the spin (circular) polarization
components due to the parallel transport of the polarization
vector along the skew rays [1] of a beam. The lowest order
of skew aberration is the linear polarization rotation
perpendicular to the meridional plane. Linear polarization
aberrations are observed in rotationally symmetric non-
polarizing optical systems such as lenses and curved
mirrors even when all Fresnel s and p coefficients are equal
[2]. The skew aberration of a two lens paraxial system can
be visualized as the rotation of each ray’s polarization state
between the entrance pupil (I) and the exit pupil (II) as
shown in the first two pictures in figure 1 (a). Figure. 1(a)-
11T shows the consequence of linear skew aberration at the
image plane, where the right (red) and left (blue) circular
polarization components are slightly shifted perpendicular
to the meridional plane. Though such shifts due to skew
aberrations in paraxial systems are on the order of a few
thousandths of the wavelength, it can be observed as a
beam width scale effect using an amplification technique
called weak measurement.

Although weak measurement was introduced in 1988 in
the context of quantum mechanics [3], a strong
mathematical analogy with classical wave optics has led
the concept of weak measurement to be used as a powerful
tool to amplify and measure subwavelength optical effects
such as spatial shifts and angular deflections of beams [4-
9] and optical rotations [10, 11]. In a weak measurement,

a property of a system (the observable) is first weakly
coupled to a separate degree of freedom (the meter) of the
system, then the information about the observable is
obtained from the meter. In this work we employ the weak
measurement to amplify and characterize the linear weak
skew aberration of a paraxial system of two thin lenses.

111

P, @90

Figure 1. (a) Simulated polarization distribution of the
optical beam at different planes for beam width wy, = 8 in
mesh units and aberration A = 1°in a 16 X 16 mesh. (b)
The proposed experimental arrangement for the weak
value amplification of the skew aberration (top view). P,
and P»: Glan-Thompson polarizer, QWP: quarter wave
plate, and CCD: charge-coupled device.

II. Weak measurement of skew aberration

We choose the polarization state of a Gaussian beam as the
observable and the transverse momentum vector with its
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canonical conjugate transverse position as the meter for the
weak measurement of the skew aberration. The Gaussian
beam can be represented as a superposition of multiple
plane waves with momentum vectors closely aligned to the
z direction:

K=k, +k9+k, z~k®xx+k®yy+k(1——) (1)

Here X,y and Z are the unit vectors in the x, y, and z
directions; k is the wave number, ©, and ©, are the
angular separation of the wave vectors with respect to the
and 0* =07+ 0 «1 . The momentum
representation of the transverse electric field of the

Z -axis,

Gaussian beam can be expressed as
E, (0) ( )exp[ kszT ) )

Where the normalized Jones vector (@ B)7 represents
the state of polarization of the beam in x and y basis, and
w, 1s the beam width. The Fourier transform of the above

equation leads to the real space representation of the beam
a R?
EL(R) o (g) exp [~ ). 3)

where R? = x?+ y? is the square of the transverse
distance from beam axis.

Now we are in a position to employ the weak
measurement on the polarization aberration. Consider a
pre-selected vertically polarized Gaussian beam in

momentum space [8] as the initial state
EL(0) « [)exp [~k?w} 2] @)

where ) = ((1)) represents the vertical polarization state.

The linear polarization aberration arises from the

accumulation of spin-redirection geometric phase
associated with rays with ©,, # 0, while rays with ©,, = 0
and O, # 0 exhibit zero aberration in our particular
system shown in Figure 1(a). This introduces coupling
between the polarization state and the momentum vector

and results in a transformation of the initial beam to
E'1(0,) o« 203 phexp [-k2af 2] (5)

The coupling strength A < 1 represents the magnitude of

skew aberration and &; = (? _Ol) is a Pauli matrix

associated with the circular polarization Stokes parameter
S; in the current notation. We post-select the beam
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desribed in equation (5) onto a polarization state |p) =
(-I_-;)’ which is nearly orthogonal to the pre-selected state
with |e| « 1. This results in

2
E1(0,) o (¢le™A930yp)exp [—kaé %]
@2
~((lp) + D153 1), )exp [—kaé T]
@2
— (PIY)(1 + iA(03), 0, )exp [—kaé T]
~(plp)eidenOrexp[-k2wd Z]. (6)

(p1831) = L is defined as the weak
(o) +e

value of the observable 5. The Fourier transform of the

The quantity (g3),, =

equation (6) results in the real space representation of the
final beam

A
+—Ua3)w)?
Ef(x) x t¢exp [— M] 7

2
Wo

The above equation represents a Gaussian whose centroid
is shifted to (A/2m)A{03),, , and thus the information on
polarization aberration is transferred to the transverse
position of the beam. Significantly, the sub-wavelength
shift (A/2m)A, corresponding to the case where both [))
and |¢@) are the same circular polarization state, is
the beam width
measurement. This

amplified to scale using weak
to be

characterized precisely. The amplification factor (o3),, =

allows the aberration
1/+¢€ can be regulated by the post-selection polarizer
angle &

The experimental scheme to realize the weak value
amplification of the beam shift is shown in Figure 1(b). A
vertically oriented polarizer P; is employed to pre-select
the state of the initial beam, while a combination of a
vertically oriented quarter wave plate (QWP) and a
polarizer nearly oriented in horizontal direction is used to
post-select the beam into its final state. The second lens in
the telescopic system is slightly moved in transverse x-
direction to enhance the linear polarization aberration over
its higher order counterparts. A charge-coupled device
camera is used to record the intensity profile of the final
beam, from which the weak value and subsequently the

polarization aberration parameter is obtained. The
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amplified shift in the beam’s centroid is visualized
numerically and discussed in the next section.

I1I. Results and Discussion
Weak values are complex in general and the real and
imaginary parts can be switched by appropriately
performing the pre- and post-selections. In general, the real
part of the weak value leads to a transverse shift in real
space while its imaginary part leads to a transverse shift in
the corresponding momentum space. In other words, the
real and imaginary parts respectively result in transverse
spatial and angular shifts in real space. However, here we
transformed the pure complex weak value to a real value
by incorporating the QWP before the final polarizer, and
thus the shift in the centroid of the final beam corresponds
to the amplified spatial shift between the -circular
polarization components at the image plane.

Figure 2(a) shows a numerically simulated intensity
profile of the initial beam and Figure 2(b), (c), and (d)
correspond to the final beam for the post-selected states
e = 0°, —2° and +2° respectively. The second row shows
line profiles of the images at y = 0 indicated with the weak
values obtained from the shift in the centroid.

0

Figure 2. Simulated intensity profiles for w, = 8 and A=
0.1°in a 16 X 16 mesh. (a) Initial beam with vertically
polarized preselected state and final beam with post
selected states (b) € = 0°, (¢c) € = —2°, and (d) € = +2°.

IV. Summary

Skew aberration is a special kind of weak polarization
aberration that arises due to the geometry of the system.
The actual magnitude of the skew aberration effect in
paraxial systems is on the order of thousandths of the
wavelength. Here we theoretically show the amplification
of such skew aberration to the order of the beam width
scale using the weak measurement protocol, and propose a

corresponding experimental scheme. Amplification and
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the detailed characterization of the skew aberrations may
find applications in microscopy and observational
astronomy, especially when the data is polarization
sensitive.
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Abstract

We introduce the powerful Deep Learning (DL) strategy to evaluate the security strength of computational-ghost-
imaging-based cryptosystems. It’s well known that the Computational Ghost Imaging (CGI) technique has an excellent
advantage of anti-noise ability, hence the CGl-based cryptosystems are much easier to be optically implemented,
compared with previous various kinds of optical cryptosystems. However, an objective and comprehensive security
analysis still must be carried out before any a cryptosystem is claimed to be safe or reliable. Unfortunately, we find out
that the current CGl-based cryptosystems and even its security-enhanced ones both have security flaws. If an opponent
gets a set of chosen plaintexts and their corresponding ciphertexts, an “equivalent key” or “equivalent decryption
network” could be find out by training the pairs of “plaintext-ciphertext” with DL method, in which we select the Deep
Neural Network (DNN) as the fundamental structure. Furthermore, we also carried out some simulations to demonstrate
the performance of our proposed method under two severe conditions: down-sampling and Gaussian noise. We believe
our methodology is suitable for a major part of existing optical cryptosystems including the CGI-based ones.

Keywords: Cryptanalysis, Optical encryption, Ghost imaging, Deep learning, Deep neural network
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L. Introduction information which is not captured directly by the camera.

) ) In 1995, Pittamn et al. first proposed and experimentally
How to ensure the privacy of messages in the process . .
L. s . . verified the traditional GI scheme based on entangled
of transmission and storage is always an important issue . . o
) i photon pairs [6]. Compared with most of the traditional
especially in the past several decades, and as we known, . ) ) ) ) }
. ) . ) optical imaging skills, the ghost imaging technique could
various encryption techniques are the main way to . . . . .
) ) improve the image quality, and most importantly it could

guarantee that. In the past 20 years, image encryption . . . . .
. . survive in relatively harsh optical environments, that is
schemes with optical means has got well development ) . )
) ; . ) with good anti-noise performance. In 2008, J. Shapiro
since Refregier and Javidi proposed the milestone work,

Double Random Phase Encoding (DRPE) scheme based
on traditional 4f optical systems in 1995 [1-5]. All of
those works claimed a natural outstanding merit: the

presented a Computational Ghost Imaging (CGI) scheme
[7]. By introducing a Spatial Light Modulator (SLM) to
dynamically encode the light illuminated on object, one

. . could retrieve the two-dimensional object information
ability of parallel data processing, though most of them i )
. ) ) with only one Bucket Detector (BD), but without any
are hard to realize by current commercially available : L
) ) array camera in the reference arm. This improvement
optical devices. . . .
. ) ) greatly simplifies the experimental setup of classical GI,
Ghost Imaging (GI), also known as correlated imaging, o L.
. i : ) i and thus ignite many researchers’ interests [8-11]. One
is a novel computational imaging technique that uses ) S ) .

effort of them is to combine it with optical encryption

spatial correlation calculations to obtain the object . o
P ! [12-14]. In this contribution, we try to make attempts to

Proc. of SPIE Vol. 11141 1114101-104



OMC-7-05

crack the so-called CGl-based optical cryptosystems from
the perspective view of cryptanalysis, that is Chosen
Plaintext Attack (CPA) [15]. Thus, prompting further
development of related encryption skills.

II. Theoretical analysis

1. Brief introduction of CGI-based cryptosystems

A schematic of CGl-based optical
cryptosystem is shown in Figure 1, and a brief description
is provided as follows [12]: If Alice wants to send a secret
message (plaintext) to Bob, suppose they both have a
shared secret key in advance. Here, the key is defined as a

diagram

one-dimensional random number sequence with N
numbers, which could control the generation of Random
Phase Masks (RPMs). While encryption, N number of
RPMs will be successively uploaded onto the SLM to
modulate the light, which will then illuminate onto the
two-dimensional object (usually an image, also called
plaintext), finally, on the imaging plane a single-pixel BD
will get a set of intensity values, which is regarded as
ciphertext ({Bi}, i = N). In the decryption process, Bob
could easily recover the plaintext by calculations in

accordance with Eq. (1):

Plxy) =+ 3B (B)] 1, ()

i=1

(M

RPMs: ¢, (x, )

Wxt: L0,
SLM &9 5p

- —— ()_) Ciphertext: {B,}

Key: {S,} s

RPM: random phase mask;
SLM: spatial light modulator;
BD: bucket detector

i_.
——

Figure 1. Schematic diagram of a CGI-based encryption

It’s worthy to point out that the RPMs in Figure 1 could
also be substituted by a set of orthogonal encoded fringes
(structural light) [cite 2 references, Sine and Hadamard].
They are all called CGl-based cryptosystems. And our
following analysis method is effective for all of them.

2. Security analysis

A flowchart of our crack method is illustrated by
Figure 2. According to the fundamental Kerckhoffs rule,
it’s reasonable for us to get a set of ciphertexts while their

OPTICS & PHOTONICS International Congress 2019

correspond plaintexts are also known. Taking these pairs
of “plaintext-ciphertext” as inputs (ciphertexts) and the
constraints in the output side (plaintexts), it’s possible to
confirm all the crucial paraments of the designed Deep
Neural Network (DNN) model by iteratively modification.
The DNN model with obtained paraments is then
regarded as “equivalent key” or “equivalent decryption
network”.

Laser

(b)
Output se— DNN-model ¢ [nput

Predicted Equivalent : Subsequent
plaintexts : qkey ciphertexts

(©)

Figure 2. Flowchart of our proposed cryptanalysis

III. Results and Discussion
Some preliminary results are shown as Figure 3. In this
test, we adopt the first CGI-based encryption scheme as
the attack goal. It’s easy to tell that our scheme works.
More simulation and data analysis will be provided in the
full-length manuscript.

Figure 3. Simulation results, (a) five arbitrarily selected

ciphertext sequences (re-arranged as two-dimensional
matrixes) from the test data set; (b) predicted (cracked)
plaintexts; and (c) the original plaintexts in the test data
set (ground truth values)
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Abstract

A numerical study shows that a metasurface polarizer with an ultra-high extinction ratio greater than 3 billion is realized in the
telecommunication wavelengths. The metasuface consists of stacked complementary structures which comprise of a metallic material.
This kind of structure is known to serve as a polarizer. In this study, the metasurface was designed to have a double resonance of
propagating and local surface plasmon polaritons (SPPs). In the presence of the double resonance, the extinction ratio of the metasurface
polarizer exceeds 3 billion in the o-band of the telecommunication wavelengths. This ultra-high performance is attributed to the

interference between the two SPPs. This study paves the way to an ultra-high-end polarizer with a subwavelength thickness.
Keywords: metasurface, plasmonics, polarizer, complementary structure, Babinet’s principle, interference

I Introduction

Electromagnetic metamaterials exhibit an exotic optical
response that cannot be available in nature. Various kinds of
intriguing phenomena such as negative refraction and
electromagnetic  cloaking have been demonstrated in
metamaterials so far [1]. Recently, extensive studies are devoted
to realize the exotic response in a subwavelength region by
metamaterials. This kind of metamaterial is called metasurface.

Metasurfaces are ultra-thin optical devices that have high
functionality such as focusing and steering of light by a flat
surface [2, 3]. Control of polarization state of light is also
possible by a metasurface [4]. The metasurface polarizer consists
of three layers. The top layer comprises of a perforated metallic
thin film. The middle layer comprises of transparent dielectric
material and has the same geometry as the top layer. The bottom
layer is complementary to the top layer. This kind of stacked
complementary structure serves as a polarizer due to Babinet’s
principle [5, 6]. Recently, an extinction ratio exceeding 12,000
was demonstrated experimentally in the metasurface polarizer [7,
8]. Even though the metasurface is very thin and has a high
performance, the extinction ratio remains low compared with
those of high-end prism polarizers.

In this study, we numerically show that the extinction ratio of
the metasurface exceeds 3 billion, which is four orders magnitude
greater than those in the previous study.
*kurosawa.hiroyuki(@nict.go.jp; phone +81-78-969-2284

IT Metasurface polarizer

Figure 1. (a): A schematic of the metasuraface

polarizer. (b): Definition of the structural parameters.

Figure 1(a) shows a schematic of the metasurface polarizer.
The metasurface consists of three layers of complementary
structures. The top layer is a perforated Ag (silver) thin film
whose unit cell comprises of an asymmetric air holes. The second
layer comprises of SiO, and has the same air-hole-array as that of
the top layer. The bottom layer comprises of Ag and is
complementary to the top layer. This three-layered structure is on
a quartz substrate. The thicknesses of the top and bottom layers
are 45 nm. The middle layer is 200-nm-thick. The periods of the
metasurface along the x (dy) and y (d,) directions are 850 and
900 nm, respectively. The width of the air hole (a) is 100 nm. The
air holes are 100 nm apart (g = 100 nm). The permittivity of Ag
was taken from the literature [9], while the refractive index of

Si0, and quartz was obtained from the literature [10]. We
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calculated transmittance for the x and y polarizations by incident angle is 1° or 4° . When the incident angle is greater than
commercial software of COMSOL Multiphysics. 4°, the depth of the dip becomes shallower. The dip of the
III Results and Discussion transmittance becomes minimum when the incident angle is 1°,

where the minimum value of T), is about 1.9 X 10719, On the

1. An ultra-high extinction ratio in the other hand, T, is about 0.56 at the minimum point. As a result,

metasurface at normal incidence the extinction ratio is about 3 billion (Fig. 2(d)). From the analysis

g

of the dispersion relation, we find that two modes are involved in

-
al
"
N
o
=)

the emergence of the extremely low transmittance responsible for

<
<3

the ultra-high extinction ratio. In a specific incident angle, T,

-
<
N

becomes even lower. Moreover, the extinction ratio decreases

o

[}
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[N

when the separation between the two mods becomes greater,

Transmittance (x-polarization)
Transmittance (y-polarization)

107
04 indicating that the interaction between the modes is crucial to
0.2 10 enhance the extinction ratio.
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Figure 2. Transmittance spectra of the metasurface. T 10 +20" @
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This value is three orders of magnitude greater than those in the £ o
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. . Q .

performance, we characterize the optical response of the c 3
= —+4"

metasurface. & s
|—E +6°

2' DlsperSIOH relatlon 10-‘1D3L50 1351 1352 1353 1354 1355 1356 1357 1358 1359 1?:60

The optical response of the metasurface is characterized by the Wavelength (nm)

dispersion relation. To clarify the relation, we calculated the angle

resolved transmittance spectra of the metasurface. Figures 2(a) 108
and (b) show the calculation results for the x and y polarizations,
respectively. Figure 2(b) shows that T), has the extremely low /
transmittance responsible for the ultra-high extinction ratio only 10‘—"//

near the normal incidence. The broad dip near the sharp dip,

Extinction ratio
=5

2L |
1(%350 1351 1352 1353 1354 1355 1356 1357 1358 1359 1360

which is indicated by a black arrow in Fig. 2, has a dispersion Wavelength (nm)

convex upward and has no drastic change with respect to the i .

Lo : Figure 3. Angle resolved transmittance spectra for

incident angle. In order to see the transmittance near the normal ..

o ) the x (a) and y (b) polarizations. Enlarged figure of

incidence clearly, we show the enlarged figure of Fig. 3(b) around .
o o the angle resolved transmittance of the y

1355 nm near the normal incidence in Fig. 3(c). The strength of . L .

. . polarization (c) and extinction ratio spectra (d)

the resonance strongly depends on the incident angle. With the L.

. . oo . around 1355 nm near the normal incidence.

increase in the incident angle, the depth of the resonance increases.

In particular, the transmittance becomes even lower when the
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3. Eigenmodes of the metasurface

Let us consider the origin of the modes responsible for the ultra-
high extinction ratio. To clarify the eigenmodes, we calculated the
electric field distributions near the metasurface at normal
incidence. Figures 3(a-f) show the calculation results. Figure 3(a)
shows the field distribution at the local peak position indicated by
a white arrow in Fig. 2. The electric fields are concentrated near
the metal/substrate interface, indicating that propagating SPPs are
excited. Figure 3(d) shows the field distribution at the broad dip
indicating by a black arrow in Fig. 2. The electric fields are
concentrated near the edge of the nanorods, indicating that the
local SPPs are excited. Figures 3(e) and (f) show the field
distribution at the extremely sharp dip in Fig. 2, where both the
propagating and local SPPs are excited simultaneously. These
two SPPs can interfere destructively, resulting in an extremely
low transmittance. This mode analysis indicates that the ultra-
high extinction ratio is caused by the interference between the two
SPPs.

7 2
6
fls 15
4
4 1
2 05
1
0 0
7 2
6
5 15
ia
4 1
2 0.5
1
0 0

Figure 4. Electric field distribution patterns near the
metasuface at 1342 nm (a, b), 1410 nm (c, d), and
1355 nm (e, f). Figures (a, c, €) show the field
distributions sliced at the center of the metasurface
along the y direction, while Figs. (b, d, f) show those
sliced at the middle of the height of the bottom

structure.

IV Conclusion

We have numerically shown that the metasuraface has an ultra-
high extinction ratio about 3 billion in the o-band of the
telecommunication wavelengths. Such an ultra-high performance
is attributed to the extremely low transmittance for the y
polarization, which is caused by the interference between the
propagating and local SPPs. Our study shows that it is possible to
realize an ultra-high-end polarizer with a subwavelength

OPTICS & PHOTONICS International Congress 2019

thickness, opening the door for the metasurface polarizer with

ultra-high performance.
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Abstract
A review of trapping and manipulation of microparticles using optothermal effects is presented. Optothermal forces
allows massive manipulation of microparticles using lower power than that needed in optical tweezers. The source of
thermal effects is light absorption in highly absorbent substrates which allow the 2D massive manipulate of microparticles
or nanoparticles photodeposited on the core of an optical fiber end for 3D trapping of solid particles or bubbles.
Convective currents, thermophoresis and Marangoni forces interplay gives rise to different trapping configurations that

will be reviewed in this work.

Keywords: agriculture, environment, remote sensing, robot arm, robust control

I Introduction

Optical tweezers, which use light momentum transfer
to directly microparticles at the focus of a high numerical
aperture lens, were first proposed by Ashkin in 1970 [1].
Since then, optical tweezers have become an
extraordinary tool in many research fields such as biology
and physics. Sub picoNewton forces and nanometer
spatial resolution spatial are now common in optical
tweezers [2-3]. However, optical tweezers are limited to
trap a few particles even if multiple traps are generated
by either beam shaping or time-sharing techniques.
Additionally, optical power requirements increase with
the number of trapping beams, making the system more

complex and expensive.

To overcome these limitations, various alternative
strategies have been proposed. Plasmonic tweezers
exploit the localized surface plasmon resonances of
metallic nanostructures for near-field trapping [4]. The
plasmon-enhanced optical forces significantly reduce the
required operational power of plasmonic tweezers.
Additionally, the localized plasmonic hot spots favor the
trapping of nanoparticles and molecules beyond the
diffraction limits [5]. However, the localized and near-
field nature of plasmonic tweezers limits its capability to
[6]. An
alternative approach to trapping is optodielectrophoresis

dynamically manipulate a given sample

which allow manipulation of particles under a

nonuniform electric field [7].

Opto-thermomal manipulation creates a temperature
gradient field through optical heating due to absorption in
a highly absorbing material. The generation of a strong
temperature gradient with low-power optical heating
allows 2D collective trapping and manipulation of
colloidal particles in combination with convective forces,
thermophoretic and Marangoni forces

II Experimental description

Two basic configurations for optothermal trapping and
manipulation are studied (see Figure 1). In the first case,
thermal gradient is produced by light absorption on an
absorbing film [8] while in the second, light absorption
occurs on photodeposited nanoparticles on the core of an
optical fiber [9]. Thermal gradient may give rise to
convective currents, thermophoresis and, in the case of
vapor bubble, Marangoni forces. In addition, if high
absorbing nanoparticles are dissolved in the solution,
careful control of convective currents and optical forces
may lead to particle trapping on the vicinity of the fiber
core [10].

Contrary to plasmonic trapping, special control on the
thickness of the film is required and no resonant
absorption is needed. In fact, any light sources on the
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visible spectrum can be used since most metals or
semiconductors films can be used.

\ / glass .
15100 tm l water I
2wy F

glass | b)

Figure 1. Different configurations for optothermal
trapping: a) Thermal gradient is produced by light
absorption on an absorbing film and b) absorption on
photodeposited nanoparticles on the core of an optical
fiber

III Results and Discussion

Figure 2a shows 2D trapping of 2 um diameter
colloidal particles due to convective currents using a CW
Nd:YAG laser (A=1064 nm) of 0.8 mW power. Even if
the beam or the sample is displaced, the particles remain
trapped. In Figure 2b, the power was increased to 6 mW,
in which case, the particles are expelled from the beam
(indicated by the dashed circle) due to thermophoretic
forces. A balance between these two forces produce
trapping ring where the trapped particles moves in
toroidal trajectories [8].

t=0s t=33 t=7s '

Figure 2. a) Trapping of microparticles by laser
induced convective currents (power 0.8 mW) and b)
trapping pattern due to convective and thermophoretic

forces (power 6 mW).
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By using a spatial light modulator, beam shaping into
complex light distribution expands the capability of
thermophoretic trapping. For example, in Figure 3 a ring
of light produced by the Fourier transform of a Bessel
beam of increasing radius allows trapping of a single
particle and clearing of the area determined by the circle
[8]. This circle acts as a fence that impedes the motion of
particles into this area. Thus, optothermophoretic forces
in combination with beam shaping may be an alternative
technique to optodielectrophoresis.

t=0s t=2s t=6s

Figure 3. Optical clearing by thermal gradients
produced by a circle of light.

Finally, Figure 4 shows a vapor bubble is attracted
towards a multimode mode fiber on whose end, silver
nanoparticles are photodeposited [9]. Light absorption at
the nanoparticles produce a thermal gradient that spatially
modulate the surface tension of the bubble creating a
force directed towards the thermal source.

S
Multimode
7 optical fiber] t~1.6ms
U~60 mm/s

t~3.5ms
> t~3.1ms 3

Multimode : 1335 /s
t~26ms U~133 mm/s

U~104 mm/s

2~115 pm

100 pm optical fiber|

Figure 4. A bubble is attracted towards the multimode

fiber due to Marangoni forces.

IV Conclusions

Optothermally induced forces show great promise to
massively trap and manipulate colloidal particles using
lower optical power than that needed in optical tweezers.
The use of spatial light modulators for beam shaping may
alternative

in principle be an technique  to

optodielectrophoretic trapping.
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Abstract

Recently, the synchronization phenomena observed in living matter such as cilia has been actively studied experimentally
and theoretically. In this study, we construct a simple model system composed of spheroid particles driven by optical vortex.

The spheroid particles are found to exhibit self-spinning motion with tilting their long axis against the optical axis at small

topological charge. We also study the cooperative motion of the particles driven by two collinearly aligned optical vortices.
We also simulate hydrodynamically coupled particles on multi- circular paths and find the synchronization in the rotation.

Keywords: collective motion, colloidal particles, hydrodynamic interaction, optical vortex

I Introduction

It is well known that synchronous phenomena such as cilia
and flagella is important in the motion of living organisms
such as bacteria and planktons. It is useful to study biomimic
model systems to elucidate their physical dynamics. We have
studied orbital motion of colloidal particles on an optical
vortex by using holographic optical tweezers [1,2]. Various
kinds of characteristic collective motion induced by the
hydrodynamic interaction between the particles have been
observed in multi-particles’ systems. In this study, we
examine the peculiar collective motion in the rotation motion
of spheroid particles induced by two optical vortices. We also
analyze the relevance of their hydrodynamic interaction by
simulation using a simple model system.

IT Experiment
1. Preparation of spheroid particles
The spheroid particles used in the experiment were prepared
following the method by Ho et. al. [3] We made a film of the
mixture of polyvinyl alcohol and spherical polystyrene
particles in diameter of 3.0 pum and stretched it at high
temperature (140-170 °C). The particles were elongated
parallel to the stretching direction and their final size are 6
pm x 2 pm.

*iwamoto@phys.kyushu-u.ac.jp; phone 81-92-802-4109

2. An optical vortex system

An optical vortex is realized by using a holographic optical
tweezers for various topological charge / [4]. The radius of
the optical vortex 7 is proportional to v1 [5].

III Results and Discussion
1. Spheroid driven by a single vortex
When a topological charge for vortex is large (I = 40), the
particles are tilted from the direction of optical axis and
exhibit a circular motion with keeping the tilt angle. By
reducing /, the radius of gyration decreases, and finally it
turns into the glide motion as shown in the Fig. 1.

Figure 1. Glide motion of a spheroid particle in the

optical vortex with / = 4. The images are taken every 27

ms.
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2. Spheroids driven by two optical vortices

The collinearly aligned vortices are generated and two
spheroids are trapped respective vortices of /= 4. The center-
to-center distance of the optical vortices d is set to 10 um. The
time evolution of the rotation angle and the difference in the
angles Af are respectively shown in the Figs. 2 (a) and (b).
The histogram of angular difference A6 exhibits the peak
appears at A@ = 0.4 and 0.6 [rad/2n]. This indicates the
particles temporally synchronize due to the hydrodynamic

interaction.
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Figure 2. Two particles driven by two different vortices.
(a) Time evolution of rotation angle (blue: right, red:
left). (b) Time evolution of phase difference A8 (A6 =
6; — 65). (c) Histogram of A8.

3. Simulation
The motion of two spherical particles driven by two vortices
is simulated with considering hydrodynamic interaction [5].

OPTICS & PHOTONICS International Congress 2019

In the model system, it is assumed that the particles are
subjected to a constant driving force in the tangential
direction of the circular path and the elastic force to bind the
particles to the circular path. Oseen approximation is used for
their hydrodynamic interaction. When the driving forces are
the same for the two vortices, the motion of the two particles
finally synchronized regardless of the initial value.

IV Conclusion
We observe rotation motion of spheroid particles using
optical vortex with small topological charge. The two
particles’ system, a phase locking phenomenon due to their
hydrodynamic interaction is observed. Simulation reveals
that hydrodynamic interaction is an important factor for
synchronous phenomena in the studied system.
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Abstract
The authors have been proposed metal sphere manipulation in glass. Laser illumination to a metal sphere in glass
heated the sphere, and surrounding glass was also heated by the thermal conduction and softened. In this paper, we report
a nickel sphere migrated in a crystallized glass. After the migration, the composition of the migration trajectory and nickel
sphere was measured with electron probe microanalyzer. As a result, the amount of phosphorous in the trajectory of glass

decreased, and the nickel sphere contained phosphorous.

Kevwords: laser maninulation. crvstallized glass. nickel narticle. dedone

I Introduction

Glass is widely used in optical application because of
the high transparency and chemical stability. Optical
properties of glass can be controlled by changing the
composition.

The authors have been proposed metal doping by metal
sphere migration in the glass. A metal foil was attached
on a glass, and a laser beam was illuminated to the metal
foil through the glass. The metal foil was heated and
melted by the laser illumination. The glass in the
neighborhood of the heated metal was also heated by the
thermal conduction and was softened. As a result, the
metal foil became a sphere due to the surface tension and
penetrated the glass [1]. The driving force of the
migration was as follows: the laser illumination caused
temperature gradient. The interfacial tension between the
melted metal and the glass decreases with increasing the
temperature. Inhomogeneous interfacial tension pushed
the metal sphere to the light source, and the metal sphere
migrated toward the light source [2, 3]. Also, we have
reported metal particle precipitation in the trajectory [4]
and refractive index

change caused by glass

compositional redistribution [5].

*Corresponding author’s e-mail address:
hidai@faculty.chiba-u.jp

In this paper, we report microelement in the glass
condensed in the metal sphere by the migration.
Specifically, a nickel sphere migrated in a crystallized
glass. As a result, the amount of phosphorous in the
trajectory decreased, and the nickel sphere contained
phosphorous.

II Experimental

Experimental set up was almost the same described in
reference [4] as shown in fig. 1. Briefly, crystallized glass
(Si02 66%, Al203 22%, Li2O 4%, P2Os 1%, Neoceram N-
0, Nippon electric glass co., Ltd. Shiga, Japan),
borosilicate glass, nickel powder (purity: 99.9 %, particle
size: 74 pm, NI-314012, The Nilaco corp., Tokyo, Japan)
and silica glass was stacked and fixed by a jig. A laser
was illuminated to the nickel power through the
crystallized glass and borosilicate glass. By the laser
illumination, the nickel sphere was migrated toward the
light source in borosilicate glass and then crystallized
glass. Without borosilicate glass, the nickel particle could
not be induced to crystallized glass directly. Therefore,
the borosilicate glass was used.

The laser used was a continuous wave fiber laser. The
laser power was set at 10.6 W. The experimental
procedure was as follows: Many metal spheres were
induced into the borosilicate glass. Among them, two
metal spheres with a diameter of 50 um were migrated
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into the crystallized glass. They were migrated for 200
pm and 2000 pum in the crystallized glass. After the
migration, the glass was cut and polished to expose these
two spheres and trajectory. The composition was analyzed
with energy dispersive X-ray spectroscopy (JSM-6510A,
EDX) and electron probe microanalyzer (EPMA; JXA-
8200, JEOL).

III Results and discussion

Figure 2 shows the SEM images of the nickel spheres
migrated for 200 pm and 2000 um in the crystallized
glass. The modified area with a diameter of 100 um was
observed in the trajectory.

Figure 3 shows the EDX spectrum of the nickel sphere
migrated in crystallized glass for 2000 pm. EMPA
clarified that the weight percent of phosphorous in the
sphere migrated for 200 pm and 2000 pm was 1.5 wt. %
and 5.0 wt. %, respectively. The weight percent of nickel
was 91 wt. % from the sphere migrated for 200 pm and
was 86 wt. % from that for 2000 pm.

The weight percent of phosphorous in the glass was
also measured by EPMA. The phosphorous in the
trajectory was reduced to be 0.6 wt. % from 1.1 wt. % in
the unmodified area. In contrast, the nickel in the
trajectory was increased to be ~0.5 wt. % from <0.1 wt. %
in the unmodified area.

The amount of phosphorous was decreased in the
trajectory and was increased in the nickel sphere.
Therefore, phosphorous in the crystallized glass was
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concentrated in the nickel sphere by the migration. In the
glass, phosphorous is oxidized. However, oxygen was not
detected in the nickel sphere; hence, phosphorus oxide
was believed to be reduced, when phosphorous condensed
in nickel sphere.

IV Conclusion

Amount of phosphorous in the trajectory decreased,
and nickel sphere contains phosphorous by the nickel
sphere migration in the crystallized glass. We
demonstrated that metal sphere migration dedope minor

component in a glass.
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Optical Manipulation by Photochemistry

| will show that, in concept, particles should move when they are photochemically activated
in a gradient of light intensity, and the motion occurs in the direction of the vector of the
intensity gradient, and its efficiency depends on the respective orientations of the vectors of
light polarization and intensity gradient. The theory describes well experimental
observations, and it opens important perspectives for the transport of matter by light.
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Abstract
We successfully created helical microfibers by irradiating picosecond optical vortex pulses with a wavelength of 532 nm
to ultraviolet curing resin via a two-photon-photopolymerization process. Permanent refractive index change of resin caused
by laser triggers the self-focusing of light and forms the Light-induced self-written waveguides. In this process, the orbital
angular momentum of the light is transferred to make a helical microfiber. The resulting helical microfibers exhibited a
length of ~300 um. Also, we can control the direction of twists by changing the sign of the topological charge of optical

vortex.

Keywords: (060.4005) Microstructured fibers; (080.4865) Optical vortices; (130.5460) Polymer waveguides;
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I Introduction

Light-induced self-written fibers are associated with
photo-polymerization owing to the self-focusing effects of
an incident light [1], and they will lead to various
applications for optical integrated devices.

An optical vortex [2] possessing an on-axial phase
singularity and an orbital angular momentum (OAM) due
to its spiral wavefront characterized by a topological
charge ¢. The optical vortex has been widely studied in
various fields, particularly, in a laser materials processing,
where OAM of the irradiated optical vortex can twist or
spin the materials, such as metal, silicon, and azo-polymer,
so as to form chiral structures [3,4].

In recent years, we have successfully demonstrated a
light-induced self-written helical fiber via single photon
absorption (SPA) by the irradiation of an ultraviolet light
field with OAM to a curing resin [5]. The fabricated helical
fiber exhibited a length of 140 pum, and its helicity was
fully assigned with a handedness of the incident optical
vortex beam. Such helical fibers can be potentially utilized
as a waveguide for an optical vortex mode.

Two-photon absorption (TPA) photo-polymerization
based on the irradiation of an ultrafast laser should
significantly reduce the scattering and absorption losses in
the photo-polymerization process, thereby enabling the
extension of helical fibers.

In this paper, we report on the first demonstration of a
sub-millimeter scale, self-written helical fiber created by
the irradiation of pico-second laser via TPA-photo-
polymerization process.

II Experiments

Figure 1 is a schematic diagram of an experimental setup.
A homemade picosecond pulse laser with a pulse repetition
frequency of 100 MHz and a wavelength of 532 nm was
employed, and its output was converted to be an optical
vortex with the topological charge £ = +1 by using a spiral
phase plate (SPP). The generated optical vortex beam was
tightly focused by a microscope objective (Olympus, x60,
NA = 1.1 water immersion) to a front glass/resin interface
of the cell including cure resin. The cure resin (NOA 63)
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used has a viscosity of 2000cps, and it exhibits a refractive
index of 1.52 and 1.56 before and after curing.

The refractive index of the cure resin increases during
the polymerization process. Thus, the polymerized cure
resin acts as a waveguide to confine the optical field, i.e.
the self-focusing effects of the irradiated beam, so as to
develop into a fiber.

Objective
Pulse laser | HWP PBS SPP x60NA 1.1 resin
(» =532 nm) i :D N 3
10 ps \ ‘
100 MHz » O

Gaussian LG

Figure 1 Experimental setup for creating helical fibers via
TPP.

A clockwise or counter-clockwise helical fiber was
created by the irradiation of the optical vortex with
topological charge ¢ = +1. Its length was extended to
double (~300 pum) of that of a helical fiber created via
single photon photo-polymerization process. It is
noteworthy that the helicity of the fiber was fully assigned
by the handedness of the irradiated optical vortex, as
shown in Fig. 2.

Figure 2. SEM images of helical polymeric fibers

generated by the optical vortex irradiation with the

topological charge £ =1 (a) and £ = -1 (b). Expanded

OPTICS & PHOTONICS International Congress 2019

views of the selected areas show twisted parts on each
fiber.

IIT Conclusion

We have successfully demonstrated the formation of a
sub-millimeter scale helical fiber in a cure resin via the TPP
process by the irradiation of an optical vortex picosecond
laser. Also, the helical fiber length was extended to double,
and it was measured to be ~300 um. A generated helical
microfiber, manifesting that OAM of the optical vortex
field can twist the photo-polymerization even through TPP,
leads us to develop optical devices for space division
multiplexing communications.
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Abstract
We measured the transmittance of the double-stranded deoxyribonucleic acid (DNA) film as a function of thickness in
very wide frequency range, which is divided to three spectra regions: Ultraviolet/Visible/Near Infrared, Middle infrared, and
Terahertz. We found that DNA film has highest transmittance in the near infrared and terahertz region among investigated

frequency range.

Keywords: deoxyribonucleic acid, Ultraviolet, Infrared, Terahertz, film

I Introduction

Since Deoxyribonucleic Acid (DNA) double-helix
structure was discovered [1], DNA has been intensively
investigated in biomedical technologies, genetic,
molecular biology due to their unique properties.
Recently, DNA film has drawn intense attention due to
their promising optoelectronic device application such as
optical amplifier as a host for photochromic dyes [2],
Solar cell [3], organic light-emitting diode [4], transistor
[5], and nonlinear saturable absorbers for ultrashort pulse
generation [6]. In order to utilize DNA films as
component of photonic devices operating in various
frequency range, it is crucial to investigate transparent
wavelength regions from ultraviolet to terahertz. In this
study, we measured transmittance of DNA film with a
various thickness ranging from a few micrometer to
above a hundred micrometer in a broad spectra range
including ultraviolet, visible, IR and terahertz regions.
From the measured transmittance spectra, we successfully
found highest spectra

investigated wavelength regions, which can provide

transmission range within
essential information in terms of photonic device utilizing
in a very wide frequency ranges and biological

technologies.

II Sample fabrication

Highly purified thread-like solid salmon DNA, which
was widely used in DNA film fabrication for optical-

electronic devices was used [7,8]. The solid DNA was
dissolved in deionized water to prepare homogeneous
DNA aqueous solution with concentration of 1 wt %. We
dropped the DNA aqueous solution onto a petri dish and
dried in an oven at 25 °C. Uniform freestanding DNA
solid films were obtained and thickness was in the range
of 2 ym ~ 150 um. The thickness of the film was
controlled according to the amount of solution on the
Petri dish and, surface profiler (DektakXT, BRUKER)
was used to measure the thickness of films.

III Results and Discussion
1. UV/Visible/NIR Measurement of DNA solid film
We measured UV/Visible/NIR
freestanding DNA solid film as a function of thickness in
the wide spectra range from 200 nm to 3000 nm using a

transmittance  of

commercial spectrometer (Cary5000, Agilent), and the
results are summarized in Figure 1. We observed that
UV/Visible/NIR spectra of DNA solid film have two
significant absorptive regions: Ultraviolet region with a
wavelength range from 200 nm to 380 nm due to
electronic structure of heterocyclic rings of nucleotides
[9], and the stretching frequency of OH bond in the range
of 2770 nm ~ 3330 nm [10]. We also found that
additional absorption bands as follow: 1420 nm ~ 1520
nm, 1900 nm ~ 2000 nm, 2250 nm ~ 2310 nm, and 2430
nm ~ 2520 nm, which could be attributed to a small
amount of solvent (H,O) and biomolecules consisting
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Figure 1. UV/Visible/NIR transmittance spectra of
freestanding DNA solid film with a various thickness.

protein inside DNA film [11]. However, the absorption
corresponding to these peak frequency is much lower in
comparison with the absorption by ultraviolet and the OH
bond stretching, and the effect is negligibly small in films
with thickness below few micrometer. Note that the DNA
films exhibited quite good transparency in the wide near
infrared spectra range.

2. Mid IR measurement of DNA solid film

FTIR spectroscopy was employed in the spectra range
from 3 pm to 25 pm to investigate transmittance of DNA
film as a function of thickness. Figure 2 shows that
transmittance spectra of freestanding DNA solid film with

10 . Y . .
— 10 um
08 | — 25 um
— 34 num|
—— 65 um|
06

Transmittance

5 10 15 20 25
Wavelength (um)

Figure 2. FTIR transmittance spectra of freestanding
DNA solid films with a various thickness.
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a various thickness. Since FTIR absorption spectra are
mainly due to resonance frequency of molecular
consisting DNA structure such as OH stretching, four
nucleobase and, sugar and phosphate backbone group [10],
low transmittance in DNA solid film with thickness of
few micrometer is quite predictable. We confirmed that
almost all the light was blocked at a thickness of 65 pm in
this mid IR region as shown in the Figure 2. Note that
absorption band position of DNA solid film did not
change regardless of film thickness.

3. THz-TDS spectroscopy of DNA solid film

A standard transmission THz-TDS system was employed
to measure terahertz optical properties of freestanding
DNA solid film in the spectra range from 0.2 THz to 2
THz. The electric field of terahertz pulses transmitted
through reference and sample are recorded in the time
domain, and the corresponding frequency domain spectra
could be obtained by using numerical Fourier transforms.
Figure 3 shows the amplitude transmittance of
freestanding DNA solid film with thickness of 130 pm
and, it presents quite good transmission between 0.2 THz
and 0.7 THz. It will probably exhibits high transparency
at a thickness below 100 pm. Refractive index was
calculated using equations in terms of phase and
magnitude ratio of transmitted electric field through
sample and reference [12] and, its value was in the range
of 1.85 ~ 2.20 within investigated frequency range. This
value was found to be higher than the refractive index of
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Figure 3. THz transmittance spectra of freestanding
DNA solid films.
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well known transparent polymer in terahertz region [13].

IV Conclusion

We successfully measured transmittance of DNA film
with a various thickness in the frequency range from
ultraviolet to terahertz and found the wavelength range
with highest transmittance of DNA film were located in
the near infrared and terahertz regions. These results are
expected to lead a major advance in DNA based
photonics devices and DNA biology application.
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Abstract
We demonstrate a tunable vortex laser with versatile orbital angular momentum (OAM) states based on a singly
resonant optical parametric oscillator (OPO) formed of a non-critical phase-matching LiB;05 (NCPM-LBO) crystal. The
selective generation of a signal (idler) output with three OAMs, including an up-converted (negative) OAM, is achieved
simply by appropriate shortening (or extending) of the cavity. The compact cavity configuration also allows for the
generation of the signal (idler) output with various OAMs by simply tuning the signal wavelength. The vortex output is
tuned within the wavelength region of 0.74 um to 1.86 um with maximum pulse energy of 1.99 mJ from pump energy of

8.5 ml.

Keywords: optical vortices, nonlinear optics, optical parametric oscillator, orbital angular momentum.

I Introduction

Optical vortices are characterized by a ring-shaped
spatial form and an orbital angular momentum (OAM) of

l¢ [1,2], due to a phase singularity arising from its

azimuthal phase term, e”*, where / is an integer and
known as a topological charge, have been widely utilized
in a variety of research fields, including optical tweezing
and manipulation [3], large capacity optical
telecommunication [4], fluorescent microscopes with a
high spatial resolution beyond the diffraction limit [5]
and materials processing [6,7]. Tunable optical vortex
sources with versatile OAM states are strongly desired
for the above-mentioned applications to meet with the
absorption bands of different materials.

In this the first

demonstration of selective generation of a signal and idler

presentation, we report on
outputs having multiple OAM states with ¢ =-2~4,
including up-converted and negative states from a
nanosecond 2™ order vortex pumped singly resonant
optical parametric oscillator (OPO) by simply shortening
or extending of the cavity.

II Experimental setup

Figure 1 shows a schematic diagram of the tunable
optical parametric laser system. A frequency-doubled,

diode-pumped, Q-switched Nd:YAG laser (a wavelength
of 532 nm; a pulse duration of 10 ns; PRF of 100 Hz; M?
= 1.1) was used as a pump source, and its output was
converted into an optical vortex with a topological charge
of +2 by using 16 segmented spiral phase plates formed of
silica glass. A non-critical phase matching LBO crystal

(6=90°,0=0°3x3x45mm*, AR-coated for 532 nm and

1064 nm) used as a nonlinear crystal and was mounted on
an oven.

Input mirror Output coupler
HR @ 650-1050 nm R: 90% @ 800 nm

SPP Flat CR: 500 mm

Frequency doubled, diod-
pumped Nd:YAG laser
2=532nm, 10 ns, 100 Hz |

LBO (3x3x45mm?®)

Signal

\

Figure 1. Schematic diagram of experimental setup.

«——

Translation stage

The singly resonant cavity for the signal output was
formed by a flat input mirror with high reflectivity for
0.65-1.05 um and a concave output mirror (curvature
radius, 500 mm) with 90% reflectivity for 800 nm. The
signal and idler outputs were separated by a dichroic
mirror, and they were observed using Si and InGaAs
cameras, respectively. The cavity length was tuned within
54~250 mm to control the topological charge sharing
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between the signal and idler outputs. The topological
charges of the signal and idler outputs were assigned by
employing a self-referenced interferometer, in which the
1* order and -1* order beams were diffracted with a
transmission grating (10 lines/mm) and overlapped by a
lens on a CCD camera to form self-interference fringes.

IIT Results and Discussion

Signal (As=930 nm) Idler(Ai=1243 nm)

Figure 2. Spatial profiles and self-interference fringes
for the 0.93 pwm signal and 1.24 pm idler outputs from
a further compact, compact, extended and further
extended cavities with a length of 54, 60, 120, 230

mm respectively.

A cavity with a length of 54 mm forced the signal to
lase at a vortex mode with an unexpected up-converted
vortex mode with {=4, as evidenced by an annular spatial
form with a pair of downward and upward five-armed
self-interference fringes, as shown in Figs. 2(a,b). The
resulting idler also exhibited a vortex mode with a
topological charge of -2, as evidenced by a pair of upward
and downward tree-armed fringes. The compact cavity
with a length of 60 mm forced the signal to lase at a
vortex mode with ¢=3, thereby yielding a vortex idler
with ¢=-1, as shown in Figs. 2(e,f) and (g,h). The
extended cavity with a length of 120 mm forced the lasing

OPTICS & PHOTONICS International Congress 2019

of the signal with {=+2, as shown in Figs. 2(i,j), thereby
yielding a Gaussian spatial profile without any phase
singularities, as shown in Figs. 2(k,). The further
extended cavity with a length of 230 mm produced both
signal and idler vortex modes with {=+1, as shown in
Figs. 2(m,n) and (o,p).

[ 8]

—
T

Output Energy (mJ)

0 1 1 1
600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

Figure 3. Tunability of the signal and idler outputs.

The signal and idler outputs with multiple OAM states
were tuned in the wavelength regions of 0.74~0.96 um
and 1.12~1.86 um, respectively. The maximum signal and
idler output energies of 1.99 mlJ and 1.65 mJ were
observed at a pump energy of 8.5 mJ, corresponding to
optical efficiencies of 22.2% and 19.4%.

Also, it is worth noting that the compact cavity
configuration interestingly enables us to selectively
operate a signal (idler) vortex output with various OAMs
by simply tuning the wavelength of the signal output and
without any change of the cavity length [8].

IV Conclusion

We have successfully demonstrated, for the first time, a
selective generation of signal and idler outputs with
multiple OAMs from a tunable vortex parametric laser
based on a singly resonant OPO formed by a NCPM-LBO
crystal. This system with a singly resonant cavity
configuration allows us to produce vortex modes with
seven different OAMs ({=4~-2) of the signal or idler
output, simply by shortening or extending the cavity
length. This system with versatile OAM states will be
useful in various fields, such as materials processing, as
well as tunable optical vortex generation in the mid-
infrared or terahertz region. Further OAM versatility in
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this system will be possible by conducting a singly
resonant cavity for idler output.
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Abstract

Orbital angular momentum (OAM) modes have attracted extensive attention for their wide range of applications in
optical communications. OAM is considered to be promising way to increase the transmission capacity. As many as
possible supported number of OAM modes in optical fiber could provide capacity increase critically. The structure
design of the OAM supporting photonic crystal fiber (PCF) has recently attracted attention in optical communication
research field. We proposed a new method to increase the orbital angular momentum modes up to 101 by increasing the
number of air-holes at each layer from 35 to 55 in PCF, and find out that more air-holes can support more OAM modes.
Additionally, higher refractive index difference, better mode quality and reduced dispersion could be achieved.

Keywords: Optical fiber, Fiber design, Communication, Orbital angular momentum, Mode division multiplexing

I Introduction II Fiber design and results

Orbital angular momentum (OAM) modes have
attracted extensive attention for their wide range of

applications in optical communications. OAM is
considered to be promising way to increase the
transmission capacity [1, 2]. The following factors should
be considered in designing the PCF for OAM modes [3-
5]: (1) as many as possible supported OAM modes, (2)
large effective index difference (>10#) in the same OAM

Number of OAMs

family, (3) maintain the ‘single-mode’ in the radial Number of air-holes

. . . a b
direction, (4) Good mode quality of all supported OAM @ ©
modes, (5) flat chromatic dispersion, and (6) low Figure 1. (a) The cross section of the designed PCF,
confinement loss.

In this paper, we proposed a new method to increase

the OAM modes up to 101 by increasing the number of

(b) The increase number of OAM modes depending on
the number of air-holes. Inset shows the cross section

i ; ] of designed PCF when N = 35 and 65.
air-holes of each layers in PCF, for the first time to the

best knowledge of the authors. Additionally, higher OAM modes in fiber could be regarded as the super

refractive index difference, better mode quality and position of the vector eigenmodes by following equations

reduced dispersion could be achieved for maintain the [3].

single mode with mode confinement loss lower than 10- OAM iil L =HE" £ jHEl”fldm

SdB/m F even . odd (1)
OAM?,,, = EH", + JEH ],
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where m is the number of in radial direction, / is the
topological charge, + is the right and left of the circular
polarization [3]. While the OAM modes have the same /
and 7z, we call them an OAM mode family. When /= 2,
the OAM family possesses 4 OAM states including
+0OAM;; from HE»; and EH, ;.

Figure 1(a) shows the cross-section structure of the
The
background material of the designed PCF is all-silica

proposed PCF for transmitting OAM modes.

without any doping material. The center ring was
encircled by several layers of air-holes. The size of center
ring was fixed with Lo = 8um and L; = 9um to maintain
the ‘single-mode’ in the radial direction. The diameter of
air-holes at 1st layer, d;, was determined by the L; and the
number of air-holes at 1st layer, N, to encircle the center
ring. The diameter of air-holes at nth layer, d,, were also
determined to encircle the n-1th layer as shown in Figure
(a) for n > 2. For example, the parameters of the PCF are
as follows when N = 35: d; = 1.6um, d> = 1.86um, d; =
2.18um, dy = 2.54pm and when N = 55: d; = 0.98um, d> =
1.08um, ds = 1.20pm, ds = 1.32um. Figure 1(b) shows the
OAM mode increase depending on N. We could gain the
increase of the number of OAM modes from 65 to 101
modes in a proposed PCF by increasing the N from 35 to
55, and the number of OAM modes was not increased
more than 101 with N = 60, 65. Note that confinement
loss of supported all OAM modes were kept lower than
10, It is clearly shown that N significantly could
increase the number of OAM modes in the PCF. To the
best knowledge of the authors, this is the first time of the
increase of the number of OAM modes by increasing the
number of air-holes in PCF.
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Figure 2. (a) Effective index difference of the different
OAM mode family with different N, (b) Mode quality
of supported HE and EH modes with different V.

It is well known that effective index difference, Aney,
between corresponding HE;; and EH;; modes of the same
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OAM,,; mode family should be larger than 10 to avoid
modal coupling and crosstalk [3]. Figure 2(a) shows the
Angy of the different order OAM;; mode families, where
Angy for 1 = 2 denotes the effective index difference
between HE» | and EH;; modes, which were composed of
OAMy,;. It is clearly shown that Ang is significantly
increased ~0.005 with N increase from 35 to 65, which
confirms the number of air-holes could be solution to
possess high An.; between the same order OAM modes in
PCF.

The mode quality of OAM could ensure the stable
transmission in the fiber [4]. The mode quality was
evaluated by the light intensity overlap between in the
ring area where the OAM modes should be confined and
the whole cross-section area of the PCF.The mode quality
of OAM could ensure the stable transmission in the fiber
[4]. The mode quality was evaluated by the light intensity
overlap between in the ring area where the OAM modes
should be confined and the whole cross-section area of

the PCF.

-[ -[ cross—section

Figure 2(b) shows the mode quality of HE;; and EH;;
modes for all / orders, which could be supported in the
PCF. The filled symbol and open symbol indicate the HE
and EH modes, respectively, and the order of N is same

—2
E| dxdy

Mode quality = 2)

—2
E| dxdy

with Figure 2(a). The mode quality of HE modes were
higher ~10% than EH modes, and also it shows that mode
quality of all modes were increased at least 2.7% with
increase of N from 35 to 65.

In table 1, we summarized the improved characteristics
of OAM modes at 1550 nm. With the increase of N from
35 to 65, it showed increase of the number of OAM
modes (65~101), Anqs (0.02038~0.02585), HE mode
quality (75~77%), EH mode quality (84.2~88.0%), and
the reduced dispersion of  OAM;
(40.4~18.6ps/(nm.km)) at [ = 2.

mode

Proc. of SPIE Vol. 11141 1114101-127



OMC-9-03

Table 1. Improved OAM characteristics depending on
N

HE EH OAMy,
Number Angy mode mode Dispersion
N of OAM =2) quality | quality at 1550nm
modes =2) (=2) [ps/(nm-km)]
35 65 0.02038 84.2% | 75.0% 40.4
55 101 0.02469 87.3% | 77.4% 24.5
65 101 0.02585 88.0% | 77.7% 18.6

IIT Conclusion

We proposed a new method to gain more OAM modes,
higher effective index difference, better mode quality, and
lower dispersion by increasing the number of air-holes in
PCF. We could gain more OAM modes from 65 to 101
modes by increasing the number of air-holes at each layer
from 35 to 55, and find out that more air-holes can
support more OAM modes. Additionally, with increase of
the number of air-holes, it showed that effective index
difference increase (0.0054), HE mode quality increase
(3.6%), EH mode quality increase (2.7%) at 1 = 2, and the
reduced dispersion of OAM11 mode (21.8ps/(nm-km)).
We believed that the proposed method could be further
applied to fabricate a PCF for better OAM transmission.
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Abstract
We successfully demonstrated the visible vortex mode generation from a diode-pumped Pr3*:YLF laser by employing
an off-axis pumping technique. A maximum output of ~100 mW was obtained at a pump power of 1.2 W. Such visible
structured light beams will be potentially applied to super-resolution fluorescent microscope and micro-fabrications.
Keywords: optical vortices, singular optics, laser resonator, Pr**:YLF laser, off-axis pumping

I Introduction

Vortex light fields, i.e. optical vortices (scalar vortex)
and radially or azimuthally polarized (vector vortex)
modes [1,2], possess unique features, such as a ring-
shaped spatial profile, creation of longitudinal electric
field, self-healing effect, and an orbital angular
momentum of (i (¢ is an integer, so-called the
topological charge) per photon. In fact, they provide us a
variety of applications, for instance, optical
manipulations [3], space-division multiplexing optical
communications [4], laser micro-fabrications [5],
quantum optics, and super-resolution fluorescence
microscopes [6]. Direct generation of such vortex light
field from laser resonators allows us to generate very
high-power vortex light beams as eigen modes with a
desired wavelength and excellent beam quality without
any additional phase modulating elements.

A blue InGaN laser diode pumped Pr’":YLF laser
enables us to develop wavelength-versatile laser sources
in a visible region, such as blue, green, orange, red, and
deep red spectral regions [7], and it has been successfully
demonstrated to achieve a continuous-wave, a Q-
switching, and a mode-locking operations[8-11].

In this paper, we demonstrate, for the first time, the
direct generation of a visible (640 nm) scalar and a vector
vortex modes from a blue diode-pumped Pr*":YLF laser
with an off-axially pumping configuration without any
additional optical elements. Such visible vortex light
sources will be potentially utilized in various applications.

Proc. of SPIE Vol.

II Experiments

Figure 1 shows an experimental setup for generating the
vortex light modes from a diode-pumped Pr*":YLF laser.
A 5-mm long c-cut Pr*":YLF crystal with 0.5 at.% Pr*"
ions doping was used, and its input face had high
reflection for a wavelength of 640 nm and antireflection
for a wavelength of 445 nm. The laser cavity was formed
of an input face of the crystal and a highly-reflective
concave output coupler (R>98.5%), and its length was
~11 mm. A 445-nm InGaN laser diode was used as a
pump source. Its output was focused to be an elliptical

y
xI—>z

Focusing Cylindrical HR coating  Output coupler
lens lens @640 nm R =98.7% @640 nm

*‘(HM) _E Laser output
Laser diode Focusing lens  Pr3*:YLF
| L=11 mm |

()

(b) y

(Ax, Ay)
x

Pr3t:YLF

Fig 1(a). Experimental setup for Pr**:YLF vortex laser
with the off-axis pumping. (b) Pumping position on
the Pr¥*:YLF crystal.
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spot with a diameter of 100x30 um? onto the laser crystal,
so as to off-axially pump the amplifier towards x and y
directions with displacements of Ax and Ay from an on-
axis of the cavity, i.e. off-axis pumping, as shown in Fig.
1(b). A maximum pump power was 1.3 W.

III Results

(©
< 100F o ° 4
z .
g S50F
& °
2
8 0 Y |. L
0.5 1.0 1.5

Pump power (W)
Fig. 2(a). Far-field spatial intensity profile and (b)
wavefront of the generated first-order vortex beam (c)

Power scaling of the vortex output.

When Ax and Ay were 25 pm and 30 pum, the laser
produced a scalar vortex (first-order optical vortex) mode,
as evidenced by a doughnut-shaped spatial form with a
central dark core and a pair of upward and downward Y-
shaped fringes produced by a self-referenced, laterally
sheared interferometer (Figs. 2). A maximum output
power was then measured to be 102 mW at a pump power
of 1.2W, corresponding to a slope efficiency of 13.1 %.

The laser also generated a radially polarized (vector
vortex) mode, as evidenced by a doughnut-shaped spatial
form and a twin lobe beam along the polarization
direction. A maximum power was then measured to be
90.4 mW (Figs. 3). The displacements Ax and Ay were
then measured to be 20 um and 70 um, respectively. Such
a diode-pumped Pr’* doped laser with an off-axially
pumping configuration allows us to selectively generate a
desired scalar or vector vortex mode by only controlling
appropriately the location of pump spot.
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Fig 3 Intensity distributions of the obtained radially
polarized vortex beam. (a) Total intensity distribution.
(b,c) Intensity distributions after passing through a
linear polarizer with a direction of 0 deg or 90 deg.
The arrows indicate the directions of the polarizer. (d)

Power scaling of the radial vector vortex output.

IV Conclusion
We have successfully demonstrated the direct
generation of visible vortex light beams, such as scalar
and vector vortex modes from a diode-pumped Pr**:YLF
vortex laser without any additional optical elements. Such
100 mW level visible vortex light sources will open the
door towards versatile applications, such as super-

resolution microscopes, and micro-fabrications.
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Abstract

We developed the high-efficiency beam converter for ultrafast spatio-temporal control of light waves based on Sagnac
interferometer. The flexible control both in the azimuth and radial directions in the ultrafast regime was also realized.

Keywords: optical vortices, ring-shaped optical lattices, frequency chirping, Sagnac interferometer, spatio-temporal

control

I Introduction

When paired optical vortices with different topological
charges interfere with each other, azimuthally periodic
structure is formed [1]. The petal-like beam called a ring-
shaped optical lattice can be flexibly rotated by
controlling the intermodal phase difference, which offers
us rotational degree of freedom in applications such as
optical manipulations of micro/nano particles and micro
machines. The rotational control has been realized by
mechanical rotation of optical components, acousto-optic
devices or electro-optic modulators so far. Although their
maximum rotational frequency has been limited to several
GHz owing to their response time, we demonstrated the
ultrafast rotation of optical lattices in THz regime by
introducing a new unique technique based on frequency-
chirping of optical pulses [2].

In our previous work [2], the optical lattices were
generated by using the axially-symmetric polarization
devices, and thereafter the computer-generated holograms
(CGHs) were employed for their flexible control [3].
However, owing to the low conversion -efficiency
(typically several %), the output pulse energy from the
beam converter has been limited to several u J. In order
to overcome the problem, the optical amplification

*k-yamane(@eng.hokudai.ac.jp: phone +81 11 706-7883

technique was employed [4], but on the other hand, the
amplification process often causes serious degradation to
the amplified optical vortices. In this paper, we report the
development of the high-efficiency beam converter based
on a Sagnac interferometer for generation of spatio-
temporally controlled light waves. The conversion
efficiency theoretically reaches to 50 %, and therefore the
additional amplification is not required in many cases.
Additionally, it enables us to modulate the multiplexed
two beams independently, which offers us the ultrafast
control of the beam profile both in radial and azimuthal
directions by introducing the radial mode index p of
Laguerre-Gaussian (LG) mode as well as the topological
charge m as control parameters. It should be also
emphasized that the new our design is robust because it is
the common-path interferometer.

II Method and Experiments

The schematic of our Sagnac-interferometer-type
beam converter is shown in Fig.1. The linearly-polarized
optical pulses from a home-built regenerative amplifier
(center wavelength of ~800 nm, repetition rate: 1 kHz,
pulse energy: 300 pJ, pulse duration: 130 ps) with strong
linear chirping were sent to a polarizing beam splitter and
divided into two orthogonally polarized beams. The
thereafter =~ modulated

individual beams were
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independently by using a reflective-type spatial light
modulator. The two beams were going back and re-
combined at the polarizing beam splitter. In order to cause
them to interfere with each other, the orthogonally-
polarized two beams were sent to a polarizer. As shown
Fig.2 (a), the time averaged beam profile of the output
from the beam converter has no periodic structure owing
to the slow response time of a CMOS camera. On the
hand, the corresponding time
measurements based on sum-frequency generation with

other resolved
ultrashort reference pulses (duration: ~50 fs) reveals the
ultrafast rotation of the petal-like beam in sub-THz
regime (Fig.2 (b)-(d)). The conversion efficiency was
typically more than 40 %, which was about 10 times
higher than that in our previous work [3]. In addition, the
ultrafast control of beam profiles in the radial directions
was also demonstrated by utilizing superposition of the
LG beams with mode indices (m; p) = (1;0); (1;2) (Fig.2
(H)-(h)).

SIM

Segmented HWP + *
Wedged dasses

[

pBs & |
Polarizer
M i -
\ Output
M

Figure 1. Schematic of yhe Sagnac-type beam converter for
generation of spatio-temporally controlled light waves.
PBS: polarizing beam splitter, SLM: spatial light

modulator.

III Conclusion

We developed the high-efficiency beam converter for
generation of spatio-temporally controlled light waves. Its
high conversion efficiency (> 40%) enables us to apply
the beam to various applications without additional

OPTICS & PHOTONICS International Congress 2019

amplifications in many cases, and our technique will be
available to flexible spatio-temporal control in light-
matter interaction in the ultrafast regime, laser processing

and optical manipulations.

Figure 2. Experimental results. (a) The time-averaged beam
profile of ring-shaped optical lattices (superposition of (m; p)
=(2;0); (-2;0)) and (b)-(d) the corresponding time-resolved
images. (e) The time-averaged beam profile in the case of
superposition of (m; p) = (1;0); (1;2) and the (f)-(h) the

corresponding time-resolved images.
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Abstract
We proposed a novel metal sphere manipulation method optically. Continuous-Wave (CW) laser illumination to a
sample implanted a metal sphere into a glass. The sample was consisted with a glass, a metal foil, and a heat insulator
stacked from the laser source direction. Low-power laser illumination to the metal sphere causes slow migration with
transparent trajectory. In this presentation, we discovered that high-power laser illumination caused fast metal sphere
migration with black trajectory and strong emission. The emission was analyzed with a spectrometer, and the temperature
was estimated to illustrate the difference. The temperature of fast migration was 2900 K and the estimated viscosity of

glass was lower than one tenth of slow migration.

I Introduction

The authors proposed a novel glass internal processing
with a laser named continuous-wave laser backside
irradiation (CW-LBI). In CW-LBI, manipulation of
implanted metal spheres in the glass converts optical
characteristics due to changing the crystal structure of
glass around the trajectory by the rapid heating and
quenching and the metal diffusion from the metal sphere
to the glass [1]. The movement velocity of a metal sphere
in a glass was below 0.1 mm/s (Slow movement). We
found that a metal sphere moved faster than 1 mm/s with
high power density (Fast movement).

In this presentation, we observed Fast movement to
compare with Slow movement and detected the emission
to estimate the temperature.

II Experimental set up

Figure 1 shows the schematic illustration of the

experimental apparatus same as described in [2].
Borosilicate glass, a stainless steel foil (SUS304,
thickness of 10 um), and a heat insulator were clamped
with a jig as a sample. Illumination of CW laser (RFL-

C020/A/2A/, Raycus corp.) to the sample imported

*Corresponding author’s e-mail address:
hidai@faculty.chiba-u.jp

stainless steel into the glass as a sphere.
IIT Slow movement and Fast movement

The metal sphere moved to the laser source while
illumination. The phenomenon depended on the power
density. Figure 2 shows the metal sphere migration.
Figure 2 (1) shows slow migration at 53 kW/cm? (Slow
movement). Conversely, Fig.2 (2) shows fast migration at
62 kW/cm? (Fast movement). The trajectory of Slow and
Fast movement were transparent and black, respectively.
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Metal foil
T‘ Heat insulator
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—
.

e High-speed camera
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Trigger Trigger Image
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Figure. 1 Experimental setup.
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IIT Temperature calculation from emission detected

with a spectroscope

Figure 3 shows the strong emission at laser power density
of 13 MW/cm?. The emission moved toward the laser
source at high speed (1.5 m/s). The similar emission was
reported as fiber fuse [3], when high-power laser was
illuminated to a glass.

The viscosity of glass decreases with decreasing the
temperature. The metal sphere moved in a glass forced by
the viscous resistance from surrounding glass. So,
temperature can illustrate the difference between Slow
and Fast movement. Hence, the emission of Slow and
Fast movement, and fiber fuse ware detected with
spectrometer (SR-193i and DH334T-18FCH-03, ANDOR
corp.). The temperature were calculated by the following
equation, Plank’s low,

-5
E, -S4

]

e/ —1

Figure 4 shows emission spectrum observed in
Slow movement, Fast movement and fiber fuse.
Fitting curve of Plank’s low was also plotted. The
temperature of Slow and Fast movement were 1900K
and 2900 K, respectively. The viscosity of the glass
around the metal particle of Slow and Fast movement
were 46.6 Pa s and 1.37 Pa s, respectively [4]. The
similarity showed Fast movement and fiber fuse at
the wavelength around 500 nm.

IV Conclusion

We have shown Fast movement with black trajectory at
high power density. Fast movement showed higher

temperature (7=2900 K) than Slow movement (7=1900K).

The viscosity and viscous resistance of Fast movement
was lower than those of Slow movement. Additionally,
Fast movement may generate fiber fuse.
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Abstract
Ring-shaped Au-Ag nanocrystals were successfully synthesized via galvanic replacement of Ag nanoplates as a
template with HAuCls. The average diameter of Au-Ag nanorings could be varied from 16 to 33 nm with an increase in
the diameter of Ag nanoplates from 12 to 26 nm, while the width of rings was almost constant to ca. 4 nm and their
composition was not significantly changed at ca. Au/Ag = 0.7, regardless of the diameter of rings. The Au-Ag nanorings
exhibited a LSPR peak, its wavelength being red-shifted from 542 to 905 nm with an increase in the diameter. The
wavelength of LSPR peak could be also tuned by the precise control of Au/Ag ratio of the nanorings without changing

their diameter.

Keywords: localized surface plasmon resonance, nanoring, noble metal, alloy, galvanic replacement,

I. Introduction

Controlled synthesis of noble metal alloy nanocrystals,
such as Au-Ag, Au-Cu, and Au-Pt, is one of the
important subjects in recent years because their catalytic,
electronic and optical properties are tunable by
controlling the composition as well as their shape and
size.l'! Among them, Au-Ag alloy nanocrystals are
attractive materials in the applications of surface-
enhanced Raman scattering, biosensing, and plasmon-
related optical manipulation, owing to both the high
chemical stability and the strong electric field induced by
the excitation of localized surface plasmon resonance

(LSPR) peaks.!!

Hollow metal nanostructures, such as nanocages,
nanotubes, or nanospheres, have been extensively studied
since they have unique properties, which were not
observed in conventional solid nanocrystals, such as high
specific surface area, high loading capacity in an interior
space, and low packing density. A theoretical calculation
predicted that nanorings, a type of hollow nanostructure,
have a relatively uniform plasmon-enhanced electric field,
being suitable for plasmonic applications.??! So far, ring-
shaped  Au-Ag successfully
synthesized by Zhou and co-workers via galvanic
replacement of colloidal Ag nanoplates with HAuCl,."*!
They reported that the LSPR peak of Au-Ag nanorings

nanocrystals ~ were

was dependent on the ring size which was changed by the

Au precursors used. However, this preparation
simultaneously changed not only the ring size but also the
chemical composition of Au-Ag alloy nanorings, the both

of which caused the shift of LSPR peak.

Here we reported a simple method to independently
control the ring size and chemical composition of Au-Ag
alloy nanorings. By precisely tuning these factors
individually, we successfully controlled their LSPR
wavelength from visible to near-IR wavelength regions.

II. Experimental

1. Preparation of colloidal Ag nanoplates

Ag nanoplates as a sacrificial template for Au-Ag
nanorings were synthesized using a seed-mediated growth
method. The seed solution was prepared by adding freshly
prepared NaBH4 aqueous solution in the mixture solution
containing sodium 4-polystylenesulfonate (PSS), AgNO3
and trisodium citrate under vigorously stirring for 10 min
at 30 °C. Then, a portion of the seed solution was added
into the growth solution containing AgNO3, ascorbic acid,
and trisodium citrate, followed by stirring for 60 min at
30 °C. The size of obtained Ag nanoplates could be
controlled by changing the amount of the Ag seed
solution added.
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2. Synthesis of Au-Ag nanorings via galvanic
replacement

To synthesize Au-Ag nanorings, aqueous solution of
HAuCl4 and ascorbic acid were added into the thus
obtained Ag nanoplate solution with vigorous stirring for
30 min at 30 °C. The chemical composition of Au-Ag
nanorings could be controlled by varying the dosage of
ascorbic acid during this procedure.

I11. Results and Discussion

PSS and citric acid are well known as a surfactant
selectively adsorbed on Ag (111) surface.*! Therefore,
when Ag ions are reduced in the presence of these
surfactant, the crystal growth is suppressed on Ag (111)
surface, resulting in the formation of nanocrystals with a
plate shape exposing (111) facet on the surface. We
controlled the diameter of Ag nanoplate by changing the
amount of Ag seeds used in the preparation. When a large
amount of Ag seeds were used, the amount of Ag
precursor for growth per particle decreased, resulting in
the formation of smaller Ag nanoplates. Figures 1a and b
shows typical TEM
nanoplates. The average diameter of thus-obtained Ag

images of size-controlled Ag

nanoplates was varied from 12 nm (Fig. 1a) to 26 nm (Fig.

1b). On the other hand, the thickness of the Ag nanoplate
was constant to ca. 7 nm, regardless of the diameter of

them.
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Figure 1. Typical TEM images of Ag nanoplates (a,
b) and Au-Ag nanorings (c, d) with different sizes, (e)
Average diameter and width of prepared Au-Ag
nanorings as a function of diameter of Ag nanoplates

used as a precursor.
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Au-Ag nanorings were prepared by galvanic
replacement of Ag nanoplates as a sacrificial template.
The size of resulting nanorings was controlled by the size
of Ag nanoplates used. Figures 1c and d, show typical
TEM images of Au-Ag nanorings prepared from Ag
nanoplates in Fig. la and b, respectively. The average
diameter of the obtained nanorings increased with an
increase in the Ag nanoplates (Fig. le). It should be noted
that the average width (5-6 nm) of thus-obtained
nanorings were unchanged even when the diameter of the
rings was increased. Furthermore, the obtained Au-Ag
nanorings had almost constant chemical composition of

Ag/Au=0.6-0.7, regardless of their ring size.

Based on these results, the formation mechanisms of
Au-Ag nanorings is proposed as follows. The Ag
nanoplates act as a reducing agent and then AuCly™ ions
are reduced to Au, accompanied with the oxidation of Ag
to Ag". Since the surfactant is adsorbed on the (111) facet
of Ag nanoplates, that is, the planer surface of the plates,
Au metal predominantly deposits at the edge of Ag
nanoplates. A portion of thus-dissolved Ag" ions are also
reduced by ascorbic acid to form Au-Ag alloy nanorings.

Figure 2 shows the extinction spectra of the Au-Ag
nanorings with different diameters. Two LSPR peaks of
the Au-Ag nanorings of 33 nm in diameter were observed
at 500 and 905 nm, which were assigned to the plasmon
resonant coupling of dipole and quadrupole, respectively.’
Furthermore these peaks were widely blue-shifted with a
decrease in their diameter, in which the dipole mode
LSPR peak was shifted from 905 nm to 520 nm.

Diameter of AuAg nanoring
16 nm 18 30 33

M aaaliag iiaal
500 700 900
Wavelength / nm

“T100

Figure 2. Extinction spectra of Au-Ag nanorings
dispersed in water. The diameter of nanorings is

indicated in the figure.
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The LSPR peaks of Au-Ag nanorings were also
sensitive to the alloy composition. We successfully
changed the composition of Au-Ag nanorings with ca. 30
nm diameter and ca. 6 nm width, in which the ratio of
Au/Ag varied from 0.7 to 2.0, by decreasing the dosage of
ascorbic acid during the galvanic replacement. Thus-
obtained Au-Ag nanorings showed the composition-
dependent LSPR peak, and then the dipole LSPR peak
was red-shifted from 840 nm to 1040 nm with an increase
in the Au/Ag ratio from 0.7 to 2.0.

In conclusion, we established a synthesis method to
control the size and composition of Au-Ag nanorings
independently and thus-obtained nanorings had a
tunability of their LSPR properties in the visible and near-
IR wavelength regions.
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Abstract

Optical manipulation is expected to be a promising technique for controlling the motion of dispersed
nano- and micro objects in fluids. However, the absorption of laser to a solvent and/or a target object is
inevitable and can be significant, resulting in the temperature increase of the solvent and/or the targets. Such
a photothermal effect induces thermal convection of the solvent or thermophoresis of the dispersed target
particles and may hinder the optical trapping. Therefore, the contribution of these photothermal effects to the
particle motion should be controlled carefully to isolate the optical forces. On the other hand, these thermo
fluid phenomena can be useful to enhance the efficiency of optical trapping by increasing the supply of
targets to the focal point. To understand the magnitude relation among the optical force, the drag force
exerted by thermal convection, and thermophoretic force, we propose the three-dimensional observation of
particle motion induced by the photothermal effect of near-infrared laser irradiation. By changing the channel
height of a test chamber and a laser focus condition, it is found from the three-dimensional observation that
there exist specific situations such that either the optical force, thermal convection, or thermophoresis is
superior to other phenomena.

Keywords: Optical forces, Thermopohoresis, Thermal convection, Microchannel, Photothermal effect

explore a methodology to isolate the optical forces from
these thermal effects. On the other hand, the thermal effects
have possibilities to enhance the optical trapping by
transporting the targets to the focal point [5]. Therefore, the
deeper understanding on the laser-induced thermo fluid

I Introduction

Optical manipulation of micro particles such as colloids
and cells has been widely used in practical application since
an innovative work on optical tweezers by Ashkin [1].
However, when the size of target shrinks to nanoscale, the

. . . . . phenomena and the search for experimental settings to
optical manipulation becomes difficult because the optical .
. . control them are crucial toward the development of novel
force decreases as the particle diameter. To overcome such . . .
L . . . optical manipulation methods. In the present paper, we
situations, higher power laser or plasmonic optical tweezers . . . . .
. . carry out a three-dimensional observation of particle motion
(e.g., [2]) may be used. In such situations, the absorption of . C .
. induced by laser irradiation in a microscale confinement [6]
the laser to the solvent, target materials, and/or the . . .
. .. . and tries to clarify the important parameter ranges for each
plasmonic substrate is inherent, and thus thermo fluid . L . .
) . effect to be dominant. Characterization of three-dimensional
phenomena, i.e., thermal convection of solvents and . . . . .
. . particle motion will contribute to the establishment of an
thermophoresis  [3][4] of target particles, due to

imental desi h th t f th
photothermal effects can hinder the optical trapping. For a CXPETIMEntal - desigh  Such as The  Beometly -0 ©

confinement, which suppresses or utilizes the thermal

precise evaluation of optical forces, it is necessary to
effects.‘

*kawano@me.es.osaka-u.ac.jp

Proc. of SPIE Vol. 11141 1114101-139



OMC-P-02

(a) side view (b) bottom view

L - widthw [ ]

upper wall
. - . - diameterd
B "/ )
s B s @ .
kA bottom wal t laser
y;-o £ for bottom view
./mh pancl(b)

Fig. 1 Schematics of fluorescent microscopes for three-

for side veiw
in panel ()

dimensional observation. (a) Side and (b) bottom views.

IT Experimental method

An experimental setup is schematically shown in Fig. 1.
We use an inverted microscope to observe the fluorescence
of polystyrene (PS) particles with diameter d dispersed in a
Tris-HCI buffer solution of 10 mmol/L. The solution is
confined in a microchannel made of polydimethylsiloxane
(PDMS) sealed with a bottom cover glass. The channel
height and width are denoted by /2 and w = 400 um,
respectively. A near-infrared laser with the wavelength A =
1,475 nm is irradiated from the bottom of the device
through an objective lens (OL1; LCPLN100XIR, Olympus,
Japan) as shown in Fig. 1(a). This objective lens has 100x
magnification, numerical aperture (NA) = 0.85, and 47.2%
transmittance at the wavelength A = 1,475 nm. We use OL1
for the observation from the bottom, and the obtained
images are schematically shown in Fig. 1(b). Another
objective lens (OL2; PAL-50-L-A, Sigma Koki, Japan) with
magnification 50x and NA=0.42 is used to observe the
channel from the side as shown in Fig. 1(b). The obtained
images using OL2 are schematically illustrated in Fig. 1(a).
To avoid the physical interference between OL2 and OLI1,
OL2 has a long working distance of 20.7 mm. Moreover,
the PDMS channel is casted so that the outer surface of the
device, which is shown with the dashed line in Fig. 1(b), is
flat to have high transparence.

IIT Results and Discussion

In the following, all the figures express the origin O as
the laser focused position described in Fig. 1. Firstly, we
show in Fig. 2 the case where the effect of optical force is
dominant in the microchannel with height # = 75 pm. The
incident laser of 200 mW is collimated before OL1 in Fig.
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Fig. 2 (a)-(d) Side and (e)-(f) bottom views where the
optical forces are prominent. Scale bar: 5 pm.

1(a) such that the focal spot size, 1.1 um, becomes smallest
in our optical setup. It is seen that the particle with d =2 pm
is pushed away in the z direction as shown in Figs. 2(a)-(d)
with the side view. On the other hand, Figs. 2(e)-(h) show
the bottom view. The particle at the origin in Fig. 2(e) is
gradually defocused as time goes on, indicating the motion
in the positive z direction. This observation is consistent
with the side view in Figs. 2(a)-(d). However, in Fig. 2(e),
another particle located about 5 pm away from the origin
does not respond to the laser irradiation. Therefore,
photothermal effects such as thermal convection or
thermophoresis is negligibly weak compared with the
optical force in these experimental conditions.

Next, we show in Fig. 3 the case where the thermal
convection is dominant. This situation is realized by
broadening the beam waist to heat the wider range of
solution. In our previous study [4], the beam spot size was
estimated as 7.7 um. The side and bottom views of particles
with d = 1 um shown in Figs. 3(a) and 3(b), respectively,
are the superposition of snapshots during 5 sec after the
laser irradiation of 50 mW. Note that the laser is irradiated
at the origin and the optical forces are limited to the region
close to the z axis, and thus the particle motion far from the
laser axis is not originated from the optical forces, but
thermo fluid phenomena. It is seen from Fig. 3(a) that a
vortex pair of the particle flow is produced at z =~ 35 pm and
the particle speed exceeds 10 pm/s. From the bottom view
shown in Fig. 3(b), we notice that the particles are
accumulated near the laser focused position. Therefore, the
broader irradiation of the laser can induce a thermal
convection that enhances a chance to have particles near the
laser focus at the channel bottom. In the present setting, it is
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Fig. 3 (a) Side and (b) bottom views where the thermal
convection is prominent. Scale bar: 10 pm.

difficult to separate the effects of thermal convection and
thermophoresis. However, we estimated the thermophoretic
velocity was 4.6 pm/s at most under the strong temperature
gradient with the magnitude of 0.6 K/um in our previous
study [7], and thus we conclude that the observed particle
motion is mainly attributed to the thermal convection.

Finally, we downsize the channel height to 2 = 25 pm
to suppress thermal convection. The side and bottom views
of particles with d = 1 um shown in Figs. 4(a)-(c) and 4(d)-
(f), respectively, are the snapshots for the laser irradiation of
300 mW. Due to the small confinement of the channel, the
thermal convection as observed in Fig. 3 cannot takes place.
Instead, the temperature distribution in the x direction
produces thermophoretic forces acting on the particles
toward the colder region. That is, the particles are repelled
from the hot region created by laser irradiation. Note that it
was pointed out that the PS particles in the present solution
shows motion toward colder region [4][7]. Since the
thermophoretic characteristics depend on the particle
material and its surface condition, thermophoresis may be
used for selective particle trapping by depleting the
unwanted samples from the laser focus.

IV Concluding Remarks

In this study, particle flows induced by a laser
irradiation are investigated in a microchannel. By choosing
appropriate sizes of a laser spot and a channel height, we
can separate the effects of optical forces, drag forces by
thermal convection, and thermophoretic forces. Such an
information contributes to the isolation of the optical
trapping from thermo fluid phenomena or the enhancement
of the efficiency of optical manipulation technique by
selectively accumulating the target particle to the laser spot.
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Fig. 4 (a) Side and (c) bottom views where the
thermophoresis is prominent. Scale bar: 10 pm.
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Abstract
In this study, to develop novel fluidic devices to measure the microparticle characteristics of diameter and electric
conductivities, the oscillating flow of microparticles is generated and is controlled by optical forces. Microfluidic devices
are based on the principle of Coulter counter, which is well-used for detecting and sizing microparticles such as biological
cells. Using the multiple scanning by sequential translocation of single particles through an orifice, the high yield and the
accurate size detection are expected. In this paper, the oscillating particle flow characteristics are investigated and a simple

model based on Stokes approximation is proposed from the viewpoint of fluid mechanics. Consequently, the fluidic device

proposed here is challenging development for the advanced measurement techniques in the nanobiotechnologies.

Keywords: Optical forces, Oscillating flow of microparticles, Microfluidics, High-speed observation, Biotechnologies

I Introduction

Recent advances in fabrication methods enable the
development of nanofluidic devices with functions of
sensing nanoobjects, such as biomolecules and viruses,
which have the equivalent diameter of O(10)-O(100) nm
[1]. The devices have narrow parts, such as nanopores or
nanochannels, with comparable length scale to targets.
Therefore, ionic/tunneling currents in the devices show
particular transient behaviors according to translocation of
targets through the nanostructures. To identify single
particles, it is necessary to develop novel techniques to
control the translocation speed and detection frequency [2-
5] for larger data set to be used in big data analysis. For
such problems, in the present study, we propose an
oscillatory manipulation technique in a narrow slit using
optical trapping of targets. To be more precise, the trapped
particle undergoes the sequential rectilinear translocations
through the slit with a width comparable to the particle.
Moreover, we discuss the control performance from the
viewpoint of fluid dynamics using the Basset—Bousinessq—
Ossen equation for unsteady motion.

II Experimental Method

In a previous study [6], we demonstrated the optical

*kawano@me.es.osaka-u.ac.jp

manipulation of microparticles whose motion was confined
in microchannels. Using microchannels that had a height
comparable to the diameter of microparticles, the transport
phenomena could be confined in two-dimensional spaces.
In such a condition, the particle transport was discussed,
focusing on the gradient force that caused the in-plane
motions in the channels. As a result, the gradient force
acting on the single microparticles was quantitatively
evaluated as a function of distance from the focal point for
various sizes of the particles. In this study, furthermore, we
produce oscillating motions of microparticles in liquids by
using optical trapping methods on automatically controlled
stages, and investigate the effect of unsteady liquid flows

Stage controller
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Figure 1. Schematic of experimental setup for optical

manipulation of microparticles using automatic stages.
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on the viscous drag of the particles. Figure 1 shows the
schematic diagram of the experimental system in which a
collimated laser beam of 1064 nm wavelength is guided
into an inverted microscope and focused at the upper
surface of a microchannel to optically trap microparticles.
The height of the channel is set to 3.0 pm to permit the
transport of microparticles whose diameter is 2.0 pm,
avoiding stacking in the height direction. To focus on the
optical effect, the background flow of the solvent is
prevented by imposing the same pressure at the both ends
of the channel. This is done by adjusting the water-level
difference between two chambers connecting to the inlet
and the outlet of the device. By bright field observation,
particle motions are tracked by using a high-speed
complementary  metal-oxide-semiconductor (CMOS)
camera. The oscillating motions of particles are produced
by using automatic stages controlled by a computer.

IIT Results and Discussion

Experimental results are presented in Fig. 2, where the
laser focus is placed at the position of trapped particle and
the laser power at the source is set to 0.5 W. As shown in
Fig. 2(a), the optical trapping is made at the entrance of a
microscale orifice of 10 um width. The average velocities
Vstage 1N the x direction of the automatic stage in Fig. 2(a)-
(e) and Fig. 2(f)-(j) are =30 um/s and 30 um/s, respectively.
The trapped particle stays at the focal point and the orifice
relatively moves with the stage. Therefore, in Fig. 2(a)-(e),
the particle translocates the orifice from left to right, and,
in Fig. 2(f)-(j), in the inverse direction. For the speed of the
stage demonstrated in Fig. 2, an optically trapped particle
stably settled at the focus. However, at the speed of [Vstage|
=700 pm/s, a trapped particle was released from the optical
potential. In such a condition, the drag force on the particle
seems to be time-dependent. From the viewpoint of
theoretical fluid mechanics, the equation of unsteady
motion of a single particle, which is oscillated in viscous
liquids due to the optical tweezers, is not so simple.

In general, Stokes approximation for the drag force of
a particle in creeping flow can be applicable only within
the case of steady motion. In addition to the Stokes’ drag,
the consideration of the added mass force and the history
force, which is so-called as the Basset term, is needed at
least in the accelerated oscillating motion of a single
particle. So, the following equation should be used for
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Figure 2. Oscillation through an orifice structure under
optical potential: (a)-(€) Vstage = =30 pm/s and (£)-(j) Vstage

=30 um/s.

accurate estimation of the force acting on the particle as

Firee = —Epd"U 3nudU — -d2 \/_f \/% (0
where d denotes the diameter of particles and U the relative
velocity of the particle to the continuous flow velocity,
which is assumed to be equal to Vguge. p and p denote the
density and the viscosity of surrounding liquid,
respectively. In the right-hand side of Eq. (1), the first term
indicates the added mass force, second the Stokes’ drag,
and third the history force. Equation 1 is known as the
Basset—Boussinesq—Oseen equation, which is applicable
for the unsteady and creeping motion of single particles.
The force on particle experimentally obtained by the high-
speed observation will be compared with that by the

theoretical analysis based on Eq. (1) in future.

IV Concluding Remarks

In the present study, using optical trapping, we have
controlled the two-dimensional sequential translocation of
microparticles through an orifice. We also propose the use
of Basset-Boussinesq-Ossen equation for detailed analysis
of such an unsteady motion. This method may be
electrical

applicable for identification of particle

characteristics based on the Coulter counter and

comparisons with the proposed model are our future works.
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Abstract
We calculated inter-band transition strength when a standing optical vortex beam is radiated to a monolayer transition
metal dichalcogenides (TMD). Monolayer TMD has two valleys at the corner of the Brillouin zone. The inequivalent two
valleys can be operated using circular polarized light. However, the relation between the orbital angular momentum (OAM)
of light and the valleys in monolayer TMD is still elusive. We reveal an optical selection rule for the twisted lights. We also
show how the transition strength is affected in changing the position of the beam waist. We expect that the result promotes
the development of research fields “spin-valleytronics” and OAM of light.

Keywords: monolayer transition metal dichalcogenide, optical vortex, optical selection rule, valleytronics

I Introduction Here, we aim to clarify the inter-band transition strength
. . . of a monolayer TMD by a standing wave of Laguerre-
Monolayer transition metal dichalcogenides (TMD) . Y Y & . sy .
Gaussian beam. At first, we reveal the optical selection
rules. We also show how the beam waist position affects

the transition strength.

such as MoS, has attracted much attention because of its
excellent property. Monolayer TMD has two valleys at the
K and —K point in the Brillouin zone. Then, carriers have

the “valley degree of freedom”. The valley degree of I Theory & Results

1. Laguerre-Gaussian beam
Light beams can be described by a vector potential A,

freedom could be addressed and detected by circularly
polarized light [1]. Furthermore, the valence band at +K

oint has a valley-contrasting giant spin splitting, which is . . .
I,) ,y . gg i Sp g,. . which satisfies the Helmholtz equation. The vector
induced by spin-orbit coupling and broken inversion . . L
. potential of a beam which propagates along z direction
symmetry [2]. Therefore, monolayer TMD is expected as )

. ) - - describes
an important material of “spin-valleytronics” [3,4]. ik
, A, . A(r) = Ajeu(r)e™, (M
On the other hand, optical vortex, light with finite orbital ) N
. . where € is the polarization vector and & means the wave
angular momentum (OAM), has been actively studied [5]. . o L .

) . ) ) number in the longitudinal direction. Laguerre-Gaussian
The optical vortices have spiral equiphase surfaces and ) ) L
. . . . beam is a solution of the Helmholtz equation in the
doughnut intensity profiles. Various applications of such a e } . .
. . . cylindrical coordinate and paraxial approximation.
light has been explored, e.g., mechanical rotation controls . . .
i } ) ) : The Laguerre-Gaussian beam is described by

of micro particle [6] and nano-size chiral laser ablation [7].

1]
Besides, the spatial structure of the optical vortex modifies u(r,¢,z) = —C(”l) [—‘/(ET) Llél (—222)) exp(ilg)
. . . w(Z w(Z wlZ
the optical selection rules through transferring extra ) i
r ikrcz

+

w?(z) 2ZR

angular momentum of light to carriers in materials [8,9]. X exp [— —i(2p + 1 + 1)arctan (i)] 2
The modified optical selection rules have a large potential

of new light-valley physics. Here leﬁlis the Laguerre function, zg the Rayleigh range,

w(z) = wy(1 + z?/z3)"/? the beam width and w,, is the

*ishii-2@pe.osakafu-u.ac.jp; phone +81 72 254-9268 beam waist
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Table 1. Optical selection rules in monolayer TMD is
summarized. The index ! means the orbital angular
momentum of light. RCP (LCP) indicates right (left)-
handed circular polarization. Colored parts mean the

inter-band transition is allowed.

1 —4|=3|-2|-1|0 |+1|+2|+3]| +4
RCP

K e
RCP

e

2. Optical selection rule
We firstly show modified optical selection rules in
monolayer TMD by optical vortices. In monolayer TMD,
the band edges at +K are mostly dominated by transition
metal d-orbitals [10],
[P} = |d,2),

|l.IJViK) = \/1—5(|dx2_y2) $ ilqjxy>)' (3)

where the subscript ¢ (v) means conduction (valence) band.

To reveal the optical selection rules, we calculated this
transition matrix

(Wlp - AL+ A" plw,) ~ ZE QE)(WIr- AllY,), (@)
where AE means the bandgap energy. The modified
selection rule for the inter-band transition at +K point is
summarized in Table 1. The selection rule regresses every
3 of [, which reflects the three-fold rotation symmetry of
monolayer TMD.

3. Beam position dependence

Subsequently, we show the beam position dependence of
the transition strength. To make the problem simple, we
consider only the case p = 0. Close to the phase singularity,
the mode function can be simplified to

2r It
u(r ¢,2) = 2[5 exn(ite).  (9)

We consider the case of [ = +1, € = (1, +i,0)/v/2, which
excite +K point carriers. The vector potential for the
standing vortex beam is

Cpi
w(z)

A(r) = Ajeu(r)e™ + Ajeu(r)e =

Co1 [V2r 1
0(,u(z) w(z)

=24

exp(i¢) ecoskz. (6)
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The transition Hamiltonian H,, in the spherical coordinate
is

Hy=r-A

(pcosh)?
2

-1
= %pz sin? g e2i¢ [1 + ] cos[kpcosb]. (7)
0

ZR

As for the parameters, we assume that the wavelength
A=690nm, w, =1um, zg = 4.55um, k = 9.1 um™1.
Here, the position of TMD is z = 0 and that of the beam
waist is z = 7, (see Fig. 1). Then, the coordinate is

transformed as follows

p'sinf’ = psinh,  p’cosf’ = pcosO — z,.

®)

Using this approximation (pcosf — z, ~ —z,), the final
form of transition matrix is

-1
cmu-Amﬂ>x(r+é) cosl=kz,].  (9)
ZR

N/

Beam waist

LG beam

Figure 1. Image of position relationship between monolayer

TMD and Laguerre-Gaussian beam waist.

In Fig. 2, we show the result of the position dependence
of the transition strength. One can see that the standing
Laguerre-Gaussian beam can transfer its OAM of light to
carriers in monolayer TMD. Furthermore, it is also found
that the transition strength oscillates with the beam waist
position even though the thickness of monolayer TMD can
be neglected.

I Summary
In this work, we have shown the optical selection rules
of optical vortex in a monolayer TMD and evaluated the

Proc. of SPIE Vol. 11141 1114101-145



O M C'P'O4 OPTICS & PHOTONICS International Congress 2019

[6] Friese, M. E. J., Nieminen, T. A., Heckenberg, N. R. and Rubinsztein-

e Dunlop, H., “Optical alignment and spinning of laser-trapped
508 microscopic particles,” Nature 394, 348-35025 (1998).
f [7] Toyoda, K., Takahashi, F., Takizawa, S., Tokizane, Y., Miyamoto, K.,
g’ 06 Moriya, R., Omatsu, T., “Transfer of Light Helicity to Nanostructures,”
g oy Physical Review Letters 110, 143603 (2013).
% [8] Schmiegelow, C. T., Schulz, J., Kaufmann, H., Ruster, T., Poschinger,
=02 U. G. and Schmidt-Kaler, F. “Transfer of optical orbital angular
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Figure 2. z -dependence of transition strength using the
standing wave of Laguerre-Gaussian beam in monolayer TMD.
7, indicates the distance between the beam waist and center of
monolayer TMD.

inter-band transition strength for the case of the standing
vortex beam. In future, we will calculate the absolute value
of the transition strength and formulate the interaction
between OAM of light and the carrier spins in TMD. We
expect that the new interaction enables various new
operations of spins and the valley degree of freedom. We
want to extend the field of “spin-valleytronics” and “two-
dimensional materials” by optical vortices.
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Generation of three-dimensional dark hole by hybrid phase plate in super-

resolution microscopy

Koumei Nagai ** Akira Kodaira ? Takashi Maruyama ?, Satoshi Oku ?,
Hiroshi Kumagai °, Bokor Néndor ¢, Yoshinori Iketaki > 9
*NTT Advanced Technology Corporation, 3-1 Morinosato Wakamiya, Atsugi, 243-0124, Japan
®School of Allied Health Sciences Physics, Kitasato University, 1-15-1 Kitasato, Minami,
Sagamihara, 252-0373, Japan
¢ Department of Physics, Budapest University of Technology and Economics, Budafoki u. 8.,
Budapest 1111, Hungary
4 Olympus Corporation, 2-3 Kuboyama-cho, Hachioji, 192-8512, Japan

Abstract

The two-color phase plates (TPP) can achieve super resolution microscopy (SRM) based on the two-color fluorescence
depletion. TPP modulates the erase beam to a donut shape having a dark spot at the center while maintaining the pump beam
in the Gaussian shape near the focal region. The hybrid type phase-plate (HPP) with TPP function is designed so as to have
both structure of annular phase plate and spiral phase plate and is expected to realize the improvement of depth and breadth
resolution simultaneously. The precise HPP is fabricated by photolithography and etching process technology. We confirmed
the formation of a dark hole which suppresses fluorescence in three-dimensions by mounting the HPP in the SRM.

Keywords: Super-resolution microscopy, two color phase plate, fluorescence depletion, lateral and depth resolution.

I Introduction
Super-resolution microscopy based on the two-color Erase HPP
fluorescence depletion is expected to be a powerful a0y o dh
measurement tool in life science, since it can provide high f

spatial resolution exceeding the diffraction limit [} 1. An ¥ i \ . qp
erase beam with A. quenches a molecule in the S; state “ 3D darkhole
(b)

generated by a pump beam with Ap, and prevents fluores-

cence from the S; state. The TPP modulates the erase beam @)

to a d(?l’l},lt sh}allpe havir;g a d.arkhsp(.)t.a.t 1'[he cen.ter V;thile Figure 1. Hybrid type phase-plate (HPP)
maintaining the pump eam in the initial Gaussian shape (2) Schematic of HPP and 3D dark hole.

near the focal region. When the pump and erase beam ] o )
passing the TPP is focused onto a dyed sample, the (b) Diagram of phase plates consisting of multiple.
fluorescence spot becomes smaller than the diffraction

limit. To achieve high three dimensional spatial resolution, II Design and fabrication
The HPP with TPP function is designed so as to have both 1. Design
structure of an annular phase plate and a spiral phase plate In our design, we assumed the following physical param-

and is expected to realize the improvement of depth and
lateral resolution simultancously. The precise HPP is .
fabricated by photolithography a}rlld etchir?g process tech- erase and pump lasers, and a Synthetic quartz substrate):
nology, where their processing accuracy is improved ‘e~ 047nm, Ay =532nm, n. = 1.475, and n, = 1.479. In a
compared with the previous one. The plate can be applied manner similar to that Bokor and Iketaki did ), we
to a commercial microscope without modification. We designed the etching depths of regions for HPP (Table 1).

confirmed the formation of a dark hole which suppresses

fluorescence in three-dimensions by mounting the HPP in

the SRM.

*koumei.nagai@ntt-at.co.]

eters (corresponding to our experimental conditions for
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Table 1. Design thicknesses of the segments of the HPP.
Namber o | Depth | alaaiac | day i
(nm) (deg.) (deg.)
1 0 0 0
2 4605 90 457
3 2125 180 34.29
4 1063 270 17.15

2. Fabrication

We fabricated HPP by etching used in the semiconductor
manufacturing process. By using the etching method,
unlike the vapor deposition method, each HPP having a
constant density and dense can be obtained.

For photolithography, a reduction projection type ex-
posure apparatus (stepper) was used. Since the positioning
accuracy of the stepper is extremely high as a submicron
level, it is possible to manufacture a phase plate with high
alignment accuracy as compared with the conventional
method. For quartz substrate processing, reactive ion
etching (RIE) with CF gas was used.

IIT Results and Discussion

To confirm the optical characteristics of the HPP, we
inserted these into the scan unit of the LSM system
(Olympus Fluoview 1000) and measured the 3D intensity
distribution of the erase beam by scanning fluorescence
microbeads smaller than the diffraction limit size (Figure
2), which can emit fluorescence by irradiating the pump or

erase beam.
Detector .
Phase
plate _—
Pump Beam ) Galvano
Erase Beam mirror
Objective
lens

Microbeads <_ ¢ >

Figure 2. Principle of a super resolution microscopy.
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Figure 3 shows the theoretical and observed intensity
profiles of the 3D dark hole generated by HPP near the
focal point of SRM. From comparing these results, it is
confirmed that the HPP produced using etching process
are accurately manufactured according to the design
values, and it was found that the HPP has sufficient
specifications for the SRM. In this conference, we will
report details of fabrication processing of HPP and its
performance for SRM.

(b)  Calculated
Figure 4. Principle of a super resolution microscopy
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(NASSCA) Optical Tweezers

Ryota Takao', Tatsuya Shoji!, Denver Linklater?, Saulius Juodkazis?, Yasuyuki Tsuboi'"

1Graduate School of Science, Osaka City University, 3-3-138 Sugimoto,
Sumiyoshi, Osaka 558-8585, Japan
2Centre for Micro-Photonics, Swinburne University of Technology,
PO Box 218, Hawthorn, 3122 Australia

Abstract
Recently, we have developed non-plasmonic nano-structured semiconductor-assisted (NASSCA) optical tweezers using a silicon with
nanostructured surface (B-Si) to trap nanoparticles efficiently. In the present study, we demonstrate optical trapping of DNA using
NASSCA optical tweezers. Fluorescence microspectroscopy showed that irradiation of a near-infrared laser beam led to micro-assembly
formation of a DNA with random coil structure, which has hardly been trapped with conventional optical tweezers. Turning off the
irradiation, the DNA micro-assembly on B-Si was rapidly dissipated in solution. These behaviors clearly indicated that NASSCA optical
tweezers was able to perform the efficient trap-and-release behavior of DNA. NASSCA optical tweezers will open new horizons in

nanoscience for biomolecular manipulation.

Keywords: Optical tweezers, Black silicon, NASSCA, Enhanced optical force, DNA

I Introduction

Direct optical manipulation of biomolecules such as DNA and
proteins without attaching a microbead to them is currently a
challenging task. Although optical manipulation requires high
polarizability of such biomolecules, their polarizabilities are too
small to be stably trapped with conventional optical tweezers. An
alternative approach for biomolecular manipulation is to enhance
an electric field of light using localized surface plasmont!.
Recently, we have developed non-plasmonic nano-structure
semiconductor-assisted optical tweezers (NASSCA-OT) to trap
nanoparticles efficientlyl]. This technique uses a nanostructured
silicon (B-Si) to enhance optical forces due to multi-scatterings
of incident light among the nano-needles on the surface. It should
be noted that NASSCA-OT is free from any photothermal effect.

In the present study, we explored optical trapping of DNA
molecules using NASSCA-OT. We demonstrated that NASSCA-
OT can perform trapping of DNA in a trap-and-release mode of a
DNA taking random coil structures. This result indicates that
NASSCA-OT will be a promising method for novel manipulation

of biomolecules.

*twoboys@sci.osaka-cu.ac.jp; phone +81-6-6605-3693

II Experiments

We used A-DNA (48.5 kbp) stained with fluorescence
molecular probe YOYO-1 in a Tris-borate-EDTA buffer solution.
B-Si was fabricated by reactive ion etching of a single crystal
silicon wafer. In this process, nano-needles with 400 nm height
were formed on the surface. We used near-infrared laser light (A
= 1064 nm) for NASSCA optical trapping and visible laser light
(A =473 nm) for fluorescence excitation. These laser beams were
coaxially introduced into an inverted microscope, and focused on
a surface of B-Si. All the experiments were performed under

ambient conditions at room temperature.

IIT Results and Discussion

We carried out NASSCA optical trapping of DNA at 0.15 W
of laser power (corresponding to 0.52 MW/cm? at the focal point),
at which we never observed any sign of trapping events with
conventional optical tweezers or a flat silicon substrate. Figure 1
shows fluorescence micrographs during irradiation on the B-Si.
Turning on trapping laser irradiation, fluorescence of DNA was
observed from the irradiation area. Upon further irradiation, the

fluorescence intensity gradually increased.
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5s
35s 60s

Figure 1. Fluorescence micrographs during NASSCA

155 [2] T. Shoji, A. Mototsuji, Y. Tsuboi, ef al., "Optical tweezing
and binding at high irradiation powers on black-Si" Scientific

Laser Reports 7, 12298 (2017)

ON

Laser
OFF

optical trapping of DNA on B-Si. 0 s means the time
just starting laser irradiation. Laser irradiation area is

expressed as a white circle. Scale bar is 5 um.

At 30 seconds, the size of the DNA assembly reached about 2 pm,
indicating that numerous DNA molecules were efficiently trapped
on B-Si. Turning off the irradiation, the trapped DNA molecules
were immediately released, and dissipated from the area by
Brownian motion. The smooth trap-and release behavior was also
observed by means of fluorescence microspectroscopy.

Here, we discuss the trapping mechanism of DNA using
NASSCA-OT. We have experimentally determined the
temperature elevation during NIR laser irradiation on a B-Si
surface, indicating that the DNA molecules were stably trapped
without any photothermal damages. This is supported by

fluorescence microspectroscopy.

IV Conclusion

What is important here is that NASSCA-OT can stably trap A-
DNA taking random coil structures. Our NASSCA-OT will be a

promising candidate for a biomolecular manipulation technique.
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Abstract

We study families of self-trapped optical beams generated by Laguerre-Gaussian modes that constitute the stationary
solutions of a pure local nonlinear Schrodinger equation with a potential described by a combination of also Laguerre-
Gaussian functions and a harmonic term. The pure local nonlinear medium here studied resembles, up to a certain point, a
strongly nonlocal medium allowing thus to make several connections between linear and nonlinear systems. We obtain the
corresponding analytical expressions for some conserved quantities and we find that these modes can be stabilized provided

they remain below of a level of power threshold.

Keywords: laser beam shaping, optical solitons, nondiffracting beams, optical lattices

*servando@tec.mx; phone 8358-2000 ext. 4631

I Introduction

Transverse light modulation in media where optical fields
can be propagated, offers several interesting phenomena to
study and observe by routing and steering light, where a
particular technique of interest is by using optical lattices'.
On the other hand, self-trapped nonlinear modes, or spatial
solitons have been a topic of intense study over the last
decade due to their potential to become a fundamental part
for the future of all-optical technologies?. Thus, the control
of solitons by optical lattices deserves several studies from
different conditions of structured-light. Of the special
interest, Laguerre-Gaussian modes are two dimensional
modes that have rotational symmetry along their
propagation axis and besides, these modes have a
rotational orbital angular momentum that allows to
transmit a torque to an object located in the propagation
axis’. As a concrete example, this property of the
Laguerre Gaussian modes has been used to move
particles, and these beams, together with the
nondiffracting Bessel beams, constitute a very special
case of beam shaping examples that can be useful for the
study of transferring angular momentum from light to
matter?,

In this work, we study soliton solutions that can be
generated by Laguerre-Gaussian beams supported by
optical lattices for the (2+1)D case, where both, the soliton

and the potential are completely described by pure
analytical functions. Therefore, this model offers a
possibility to gain a deeper understanding of their physical
properties. Remarkably, we find that the Laguerre-
Gaussian solitons can be stable in propagation if their
power remains below a critical threshold value, as similar
as in the case of Hermite-Gaussian solitons for the
unidimensional scenario’.

II Physical Model
We start our analysis by considering the evolution of a
scalar paraxial optical complex field s, described by a
dimensionless (2+1)D nonlinear Schrddinger equation
(NLSE)

oy 1
(5, 3V WP+ Ve =0, ()
where z is the longitudinal coordinate of evolution, while
2
the transverse Laplacian operator is given by V2 = % +

2
% and V=V(x,y) is the corresponding potential of the

system generated by an optical lattice. Eq.(1) admits as the
following conserved quantities the power or total energy
flow:

P=["_J" lWl?dx dy, )
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and the Hamiltonian

H==[" [Z.(0- vy = 2VIYl? + [pDdxdy  (3)

Besides, even that it is not properly a conserved quantity,
another important parameter to study due to the particular
geometry of the generated modes, it is the corresponding
projection of the angular momentum in the z-axis:

Ly=J [T W@ xVy)-e, dxdy @)

where 7 =(x,y) is a two dimensional vector position and e,
is unit vector along the z axis. Note that the integration of
these quantities is done over the entire x—y plane.

IIT Results

Next, we start by looking for soliton solutions of the form

¥(r,8,2) = @(r)e? e, ®)
where the parameter A is a real propagation constant and ¢
is a real-valued function. As boundary conditions, we set
@(r)— 0 as |r] = 0, in order to have well-localized wave
solutions. Substituting this kind of function in Eq.(1) and
solving for the potential we get

2
1[FRem7are()-Trow)]

— _ 2 _
V=2=lo@I -3 e . ©
As a next step, we study soliton solutions in the form
@) = r™f(r?) exp(—1r?/w3), (7

where the real parameter w, stands for the corresponding
width of the soliton obtained. After some mathematical
work, we obtain the following soliton solution:
m 2
Y(r,0,z) = A (wlo) L (2 ((DLO) ) exp[—(r/wy)? +
i(Az + mo)], ®)

Where L7' is the associated Laguerre Polynomial with
parameters m and n and A is a real parameter. This self-
trapped solution corresponds to the potential function
V(r,8,z) =A—|U(r,0,2)|2+4n+2m+ 2 — 2r%, (9)
and with the power

A’nwd  (n+m)!

P = 2m+1 n! 4 (10)
and Hamiltonian
1 A2m3mA
H =2[3%wo) = 222 (n +m)1], (11)

Where {(wo) =c [ [ _|¥|*dxdy, can be obtained

analytically, in spite of being a cumbersome function.
In a similar way,
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Azmug (n+m)!

L,=m =mP,

2m+1 n!

(12)

Thus, Egs. (8)-(12) constitute the main analytical results
from our work and they constitute a full analytical soliton
solution to a particular (2+1) D NLSE.
IV Numerical Simulations

We validate our results by using pseudo-spectral methods,
propagation of these stable solutions was performed. The
following figures show the results of these numerical
simulations.

Figure 1. Transversal mode images of stable solutions
y(m,n) . From left to right: y(0,0) ,w(0,1) ,w(1,1) .
Modes y(0,1) and y(1,1) show a dislocation (i.c. a
region where the optical field’s phase is not defined).
Due to this as well as their radial symmetry, these
modes are typically used to transfer angular

momentum.

It’s important to recall that y by no means is a solution to
Nonlinear Schrodinger equation, in fact, it’s a Helmholtz
equation solution in cylindrical coordinates, but it’s
stabilized on NLSE by V(r). In order to study stability of
these solutions, we used standard perturbation theory and
found that there are regions of power where these
Laguerre-Gaussian solitons are unstable, but also regions
where these beams can be stabilized, provided they power
remain under certain threshold value.

Figure 2. Longitudinal propagation of stable solutions.
It’s clearly observed invariant properties along

propagation coordinates. From left to right: y(0,0)
w(0,1),w(1,1).
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V Conclusions

In summary, we have obtained a family of analytical two-
dimensional nonlinear modes that are solutions to a
nonlinear Schrodinger equation supported by local
potential described by a harmonic term and Laguerre-
Gaussian functions. We derive the corresponding
expressions for two quantities of conservation: the power
and the projection of angular momentum along the z
coordinate, and we find that both quantities are related
through the topological charge. We find that the
corresponding solitons solutions of the nonlinear system
can be completely described by also Laguerre-Gaussian
functions. Finally, we found a correspondence between our
pure local system and nonlinear models with high
nonlocality.
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Abstract
In this paper we propose toroidal planar metamaterial with advantage of magnetic field control. This structure supports
toroidal dipole moment excitation, which has major contribution to metamaterial properties, i. e. high Q-factor and
extremely strong magnetic field localization. The electromagnetic properties of the proposed design were studied both
theoretically and experimentally. The resulting transmission spectra represents a sharp Fano-resonance. Due to its
properties, the proposed metamaterial can be applied novel devices in field of light-matter interactions of magnetic,
wireless transmission, and magnetic resonance imaging methods..
Keywords: metamaterial, toroidal dipole moment, magnetic field, high Q-factor

I Introduction experimentally for the first time, [2] a great number of

three-dimensional structures with toroidal topology was

. d[1,4,5-12].
The fast development of artificial magnetism makes it proposed | ]

possible to control magnetic field on the same level as it

II Body
is possible with the electric field, which is strongl . . . .
P i g.y In this work we have designed and fabricated a high Q-
required both for the development of fundamental solid . . . .
) ) o factor planar toroidal metamaterial (Figure 1) with the
state physics and many technological applications. The . . .
. ) ) } i ) ability of strong magnetic field localization. It represents
idea is to simulate the natural diamagnetic properties of . - L .
; o ) a metallic surface with periodically arranged voids of the
matter by specific currents distribution in engineered . . ) .
. . « - epsilon-letters form. Incident plain electromagnetic wave,
structures such as metamaterials. The idea of “magnetic . } ;
L. ) polarized perpendicularly to the central strips of cut-outs,
metamaterial is to enhance magnetic response of a . ; :
. . . L excites two counter-directed currents flowing along
medium by constructing a particular periodic structure. . : i
. ) . epsilon voids. As a result, magnetic field vectors are
Such a structure should comprise unit cells with ) ) ) )
. . organized in a head-to-tail way around the central wire.
dimensions smaller than the wavelength. ) o
: . ) The latter causes toroidal moment excitation.
Still, the main purpose of magnetic moment

enhancement in metamolecules is to localize magnetic
field in sub-wavelength area. Thereafter, here we suggest
an alternative approach. For the first time we demonstrate
how magnetic field can be strongly captured by
metamaterial with dominating toroidal mode. Toroidal
moment appears in an imaginary torus due to the
magnetic field being rotated by poloidal currents. It has
been proved recently [1-3] that it is crucial to include
toroidal moment in multipole expansion for structures of
toroidal topology.  Starting with 2010-s, when the
existence of toroidal moment was demonstrated
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Figure 1. The proposed metamaterial, fabricated using

the method of chemical etching (a metal foil on a
textolite substrate), and the currents distribution on the
surface of a separate metamolecule. T is toroidal

moment, m is magnetic field, j are electric currents.

As a result, there can be seen a sharp Fano-resonance
(Figure 2a) in the transmission spectra of proposed
metamaterial. It demonstrates lack of radiation losses.
This can be explained if we consider the interaction
in the

metamaterial at the resonance frequency (Figure 2b):

between two strongest multipoles, excited
toroidal dipole and magnetic quadrupole moments in the
terms of their radiation patterns overlap. Toroidal
moment, characterized by the same radiation patterns as
electric dipole moment, influences four-lobe patterns of
magnetic quadrupole moment through the elongation of
one lobes in the direction of reflection, so that zero
forward scattering is attained. Another property ensuing
from described processes is as was mentioned above
extremely strong magnetic field localization in the sub-
wavelength area.
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Figure 2. (a) The transmission spectra for theoretical
(black line) and experimental (red line) studies of the
metamaterial presented in Fig. 1. The insets show
both dips and peaks within smaller frequencies ranges;
(b) the relative electromagnetic power of five
strongest multipoles (P — is an electric dipole, M —is a
magnetic dipole, T — is a toroidal dipole, Qe — is an
electric quadrupole, Qm — is a magnetic quadrupole)
in the metamolecule far-field zone at frequencies

around resonance frequency.

III Results and Discussion

Proposed structure benefits compared to other approaches
of magnetic field enhancement through achieved values
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of Q-factor and magnetic field localization. Besides, it has
several other advantages. For example, in comparison
with magnetic dipole excitation in all-dielectric
metamaterials, in our metamaterial magnetic field is
concentrated in vacuum (air), while in dielectric particles
- inside the particle. The advantage of field localization in
air is the ability to manipulate it directly. Also, the
fabrication of proposed metamaterial will be easier in pm
dimensions as long as it is a planar structure. Finally,
metal is cheaper than dielectric materials. Such high Q-
factor value in planar structures provides a variety of
possibilities in the magnetic light-matter interaction,
especially at higher frequencies.
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Abstract
Recently, we have developed a novel optical manipulation technique with a silicon substrate with a nanostructured (black silicon): NASSCA
optical tweezers. This method allows us to trap nanoparticles over a wide area (10 um x10 pm), being capable of optically separating and
aligning them on the basis of chemical composition, shape and size. Here, we demonstrate such optical sorting of polystyrene nanospheres
according to their size on a black silicon. Upon near-infrared laser irradiation, larger nanospheres were preferentially trapped than smaller
nanospheres on a black silicon. The larger sphere was trapped at the center of the focal spot, while smaller spheres were trapped with
surrounding the larger sphere. On this way, we succeeded in size sorting of polystyrene nanospheres.

Keywords: optical force, silicon nanostructures, Black silicon, Fluorescence microspectroscopy

I Introduction II' Experiments

Optical tweezers is a non-contact and non-destructive method i i . L
) . . ] . A B-Si substrate was fabricated using dry etching in SF¢/Oz,
to trap and manipulate micro- and submicro-metersized objects . . ) . -
i i . . resulting in nanoneedles with sub-micrometer height on the
with a tightly focused laser beam. Since an optical force exerted . ) . .
. o . surface. The fabricated needles had 400 nm in height (Figure 1).
on nanospheres strongly depends on their polarizability, optical . .
. ) . As a trapping target, we used two kinds of fluorescent
tweezers have great potential for separating and trapping them
. L . . polystyrene nanospheres (PSs). One was yellow-green
according to their sizes and shapes. Such optical sorting has o . o )
. . . . . fluorescence emitting (YG) PSs with 500 nm in diameter, while
been recently investigated using holographic optical tweezers - . L
. ) the other was blue (BL) emitting PSs with 1000 nm in diameter
and optical waveguides. Nowadays, for developments of the . . .
(Figure 2). These PSs were dispersed in water.

')

optical sorting, an optical manipulation technique to trap a large

amount of nanospheres with a large-scale area is highly

demanded.

Recently, we have developed a novel manipulation technique
using a silicon crystal with a nanostructured surface (Black
silicon; B-Si). We named it nanostructured semiconductor
assisted optical tweezers (NASSCA-OT). The NASSCA-OT can
trap numerous polystyrene nanospheres in a large-scale area ; 2m

with weak laser irradiation, because multiple light scattering on ) NS
Figure 1. A SEM image of B-Si

B-Si results in an enhancement of optical force. Furthermore,
due to the low absorption coefficient in the near-infrared region
and the high thermal conductivity of silicon, any photothermal
effects are negligible in NASSCA-OT. These advantages make
it possible to demonstrate the novel optical sorting. In the
present study, we show optical separation of different sized

polystyrene nanospheres using NASSCA-OT.

Proc. of SPIE Vol. 11141 1114101-157



OMC-P-09

— blue emission

yellowgreen emission

-
=]
!

4
©
A

o
o
|

I
~
!

o
[N}
)

(=4
o

relative fluorescence intensity

460 450 560 550 660 650
wavelength/nm
Figure 2. Normalized emission spectra of PSs (blue and yellow-
green)

A continuous wave (cw) near-infrared (NIR) laser beam
(A =808 nm) for NASSCA-OT was coaxially introduced into an
inverted microscope together with a cw ultraviolet (UV) laser
beam (A =375nm) for fluorescence excitation. These laser
beams were focused on a B-Si surface with an oil-immersion
objective lens (X100, N.A. = 1.4). Since the laser power of UV
laser was very weak in comparison with that of NIR laser, we
observed no sign of optical trapping and any photo bleaching

under the UV laser irradiation.

IIT Results and Discussion

We examined NASSCA optical trapping for a mixture
solution of YG PSs and BL PSs at 700 kW/cm? of NIR laser
intensity. Turning on NIR laser irradiation, a BL PS was stably
trapped at the center of the irradiation area. YG PSs were
trapped around the trapped BL PS during the irradiation, leading
to formation of an ordered assembly like a flower (Figure 3).
Also, we often observed a billiard-like-stacking behavior: BL
PSs pushed pre-trapped YG PSs away from the center position
of the irradiation area. The pushed YG PSs were trapped again
around the trapped BL PSs. These results indicate that optical

force sorted different sized nanospheres.

OPTICS & PHOTONICS International Congress 2019

Figure 3. A .fluorescence micrograph and a schematic
illustration of NASSCA optical trapping of BL PSs (1000 nm)
and YG PSs (500 nm) on a B-Si (light intensity: 700 kW/cm?).

IV Conclusion
We succeeded in optical size sorting of PSs by NASSCA-OT.
We found that larger PSs were preferentially trapped at the
center of the irradiation area and smaller PSs were trapped
around the trapped larger PSs. The origin of this trapping
behavior is sorting of different sized PSs by optical force.
Optical sorting with NASSCA-OT has potential application of
optical manipulation technique to separate and trap according to

size and shape.
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Structured nanofiber-based optical cavity for quantum electrodynamics
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Abstract
Nanofiber-based optical cavities enable the creation of devices with strong atom-photon coupling; the cavity can be
obtained by milling Bragg mirrors on a nanofiber. Here, we present experimental progress to optimize the quality of a
triplex air-nanocube structured nanofiber cavity. The structures are produced by focused Ga' ion beam milling. The
quality factor obtained was ~784 in a periodic structure of only 20 mirrors and structures with up to 50 mirrors were
fabricated to increase the quality factor. Subsequently, single quantum emitters, such as quantum dots, deposited onto the
cavity should achieve strong coupling. The proposed nanofiber-based cavity creates a small, integrated device for the

study of single quantum emitters for quantum networks.

Keywords: optical nanofiber, optical cavities, Bragg mirrors, single quantum emitters, focused ion beam

I Introduction

Optical nanofibers (ONFs) have proven to be very
useful devices for studying light-matter interactions, in
particular for quantum optics applications. This is largely
due to the strong transverse confinement of the guided
mode and high evanescent field at subwavelength
diameters, and the ease with which they can be integrated
into experimental setups. ONFs are produced by a
tapering technique [1], which consists of heating and
stretching the fiber in a controlled manner.

In our work, we increase the functionality of ONFs by
structuring them so that they consist of optical cavities.
Optical cavities enhance the strength of light-matter
interactions by confining photons to a small volume and
are used for studying strong-coupling in cavity quantum
electrodynamics (cQED) systems. Strong coupling has
already been reported in the literature, and extensive
studies show that if one combines cavities with an ONF it
is possible to increase the photon coupling for single
quantum emitters [2-6].

Here, we present our experimental progress to optimize
the fabrication of high-quality optical cavities by milling
out Bragg mirror patterns on an ONF. The Bragg mirrors
consist of a triplex air-nanocube structure milled on a
nanofiber with ~800 nm diameter. Our group first
demonstrated this cavity structure in [6]. The structures

are produced by a focused ion beam (FIB) milling
technique, using Ga" ions. The experimental quality factor
(Q-factor) obtained was ~784 in a periodic structure of
only 20 mirrors. However, it should be possible to
improve the structure by changing the number of mirrors
and/or the length of the cavity. This nanofiber-based
cavity creates a small, integrated device for the study of
single quantum emitters for quantum networks.

IT Structured Nanofiber Cavity Fabrication,

Results and Discussion

A fiber pulling rig was used to fabricate ONFs by using
the flame brushing method [1]. In this setup, the fiber is
fixed on oscillating stages that pull on the fiber ends,
while a stationary hydrogen/oxygen flame heats a small
portion of the fiber. Light transmission was monitored
during the pulling process. Exponentially shaped tapers
with waist diameters of ~800 nm were produced with
optical transmissions up to 98%.

After fabrication, the ONF was coated with a
conductive and transparent layer of indium tin oxide
(ITO). The layer is ~20 nm thick and does not affect the
optical characteristics of the cavity. Finally, the structure
was milled by the FIB. The beam diameter was ~9 nm
with 30 kV of voltage and 7 pA of current. Figure 1 shows
a scanning electron microscope (SEM) image of the final
structure. The milled structure consists of nanoholes of
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100 nm x100 nm, pitch of 310 nm, 20 mirrors, and a
cavity length of 2.2 pm.
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Figure 1. SEM image of the milled structured
nanofiber (top).
Transmission characterization of the cavity
(bottom).

cavity with 20 mirrors

The resulting ONF cavity, shown in Fig. 1, was
optically characterized by coupling the ONF to a super-
continuum light source and recording the transmitted
spectra. It is possible to observe the cavity’s resonant peak
(~752 nm for x- and ~786 nm for y- polarization). The
estimated Q-factor of the cavity was ~784.

It is important to note that the structure provides a
promising platform to study light-matter interactions.
However, the cavity still can be further improved, but this
is experimentally challenging due to vibrations and
alignment of the ion beam. Figure 2 shows an SEM
image of a structured ONF produced with 50 mirrors.

-3 )
2 Sy \

:

Figure 2. SEM image of the milled structured

nanofiber cavity with 50 mirrors.

IV Conclusion and Outlook

OPTICS & PHOTONICS International Congress 2019

We have shown that, by ion milling directly on an ONF,
high-quality cavities can be obtained even with a low
number of Bragg mirrors. The low number of mirror
greatly simplifies the milling process. Parameters of the
cavity’s structure, like the length and number of mirrors,
can be optimized in order to improve the quality factor. A
high Q-factor indicates low losses of energy and higher
confinement of photons in the cavity. In future work,
quantum dots will be placed on the structured ONF cavity
for the purpose of acting as single quantum emitters to
study cavity enhanced coupling.
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Non-destructive dispersion of quantum dots into buffer gases

toward their optical manipulation
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Abstract
To carry out optical manipulation and spectral measurement of isolated quantum dots (QDs) in buffer gases, we are constructing
experimental setups for dispersing QDs by using droplets of their organic solutions. The droplet was generated with a mesh-type
nebulizer with a piezoelectric oscillator and was monitored by observing the scattered light. The QD density was also monitored by
observing the fluorescence from the QDs. In this paper, we present our recent experimental results on the dispersion of ZnS-AgInS,
solid solution QDs and AgInS,/ZnS nano-pyramid QDs into a dry nitrogen buffer gas, and discuss their isolation and
optical lifetimes in comparison with our previous results on CdSe/ZnS QDs. We also discuss the experimental results of

miniaturizing micro-droplets into nano-clusters.

Keywords: quantum dot, spectroscopy, fluorescence, droplet, cluster, evaporation, buffer gas

I Introduction

Semiconductor quantum dots (QDs) are attracting great
interest in many fields [l], since their electronic
structures and spectral properties vary significantly with
their size and environment [2]. For their future
applications to efficient opt-electronic devices, more

precise size control is considered to be one of key factors.

The aim of our study is to develop a size-separation
method for nm size QDs by their manipulation. In liquid
helium, the optical size-separation has been successfully
demonstrated for CuCl QDs created by laser ablation [3].
For realizing similar optical separation for a variety of
chemically synthesized QDs at normal temperature, we
are developing a new experimental approach by using
buffer gases, which have low viscosity and high thermal
diffusivity. So far, we constructed an experimental setup
by using a mesh-type nebulizer with a piezoelectric oscillator,
and successfully confirmed the dispersion of CdSe/ZnS core-
shell QDs [4] in a dry nitrogen buffer gas [5]. However,
the quenching of the QD fluorescence was observed
along with their isolation. Since the exciton in the CdSe
QD is weakly binding, one of possible causes for this
quenching is consider to be the relaxation of the exciton

*mtstk kumakura@apphy.u-fukui.ac.jp; phone 81 776 27-9778

on the bare surface of the QD. In this study, to suppress
such relaxation, we carried out a similar dispersion
experiment on (Ag In). Zny(.v Sz solid solution (ZAIS)
QDs [6] and AgInS,/ZnS nano-pyramid (NP) QDs. Since
the emission of these new QDs is considered to be due to
the lattice defect, the excitation relaxation is expected to
be insensitive to the surface. Moreover, to avoid the
attachment of impurities on the QD surface, we
miniaturized the micron-size droplet into nano-size
clusters with a cluster generator by using a metal mesh
rotor. Based on these experimental results, the cause of
the fluorescence quenching is discussed.

CO, laser

0, absorber ;

i
L heater

filter

0.2 i
a s g nebulizer
g
N, ;. Laser beams I[
g_ (532 nm, 628 nm) [ spectrometer
Lig. N, trap '
Figure 1.  Experimental apparatus

Proc. of SPIE Vol. 11141 1114101-161



OMC-P-11

II Experiment

Figure 1 shows our experimental setup for dispersing QDs in
a buffer gas. The droplets of the dilute hexane solution of
ZAIS and NP QDs were generated with a commercial mesh-
type nebulizer (Omron NE-22). The nominal value of the most
probable diameter of the droplet is around 5 pm. They were
dispersed in a sealed gas cell filled with a dry nitrogen.
Residual contamination, oxygen, and water vapor were
removed with a mesh filter, oxygen absorber, and a liquid-
nitrogen trap. To enhance the evaporation of the solvent, the
gas cell was heated to the temperature of nearly 320 K (the
boiling point of the hexane is 341 K). Moreover, the CO2 laser
was irradiated on the droplets for the further enhancement of
the evaporation. The solvent evaporated from the droplet was
collected in the cold trap.

To monitor the evaporation of the droplet, we introduced the
628 nm laser beam into the gas cell and observed the scattered
light intensity. In addition, to monitor the number density of
the QD, we introduced the 532 nm laser beam (~100
mW/mm?) into the gas cell and observed the fluorescence from
the QDs. To distinguish these two signals, we used the CCD
spectrometer.

For generating miniaturized droplets, we used a remodeled
commercial cluster generator (Corona CNR-400B) instead of
the mesh-type nebulizer. The diameter of the created clusters
nominally ranges from 10 nm to 100 nm. In this case, the
evaporation was monitored without the CO2 laser heating.

In this experiment, we used ZAIS QDs with a diameter of
about 5 nm and the stoichiometric ratio x = 0.3 and 0.7. The
absorption edge wavelength is approximately 500 nm and 600
nm for the former and the latter, respectively. Therefore, in the
case of the former QD, the excitation wavelength is around the
absorption edge.

The length of one side of the NP QD is about 11.5 nm and the
volume is 2.7 times that of the ZAIS QD. Since the NP QD has
a ZnS shell much thicker than the ZAIS QD, the influence of
the surface on the excitation relaxation is expected to be much
smaller. The absorption edge wavelength of this QD is around
600 nm, which is similar to the one for the ZAIS(x = 0.7) QD.

The typical particle number density was approximately
7%10" dots/ml. So that, the number of the QDs in the single
droplet is estimated to be nearly 5x103 and 0.04, respectively,
for the droplets with diameters of 5 pm and 100 nm.

OPTICS & PHOTONICS International Congress 2019
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Figure 2. Fluorescence intensity from the quantum dots

IIT Results and Discussion

Figure 2 shows the time variation of the fluorescence
intensity of the ZAIS QDs after the dispersion and the CO2
laser heating. Our previous experimental result for the
CdSe/ZnS QD (Sigma-Aldrich Lumidot640, the diameter is
around 6.3 nm.) is indicated simultaneously. In the case of the
ZAIS (x = 0.7) QD and the CdSe/ZnS QD, the fluorescence
from the QDs is quenched within 30 s. In contrast, in the case
of the ZAIS (x = 0.3) QD, the fluorescence can be observed for
a longer period of nearly 120 s. From these results, it is
suggested that the fluorescence quenching might be mainly
caused by the thermal relaxation after the optical excitation .

In the case of the NP QD, the fluorescence was observed for
a period similar to the ZAIS (x = 0.3) QD in spite of its
absorption edge wavelength similar to the ZAIS (x = 0.7) QD.
One of possible causes for such a long lifetime could be its
larger heat capacity resulted from the larger volume.

Even in the case of the miniaturized clusters, the observed
fluorescence lifetimes of the ZAIS QDs did not change
considerably. This result indicates that impurities in the droplet

is not be a major cause for the fluorescence quenching.

IV Summary

In the nitrogen buffer gas, we dispersed the droplets and
clusters of the hexane solution of the ZAIS and NP QDs, and

observed the time variation for the scattering from the droplet
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and the fluorescence from the QD. The observed fluorescence
intensity indicated the quenching along with the isolation of the
QD by the evaporation of the solvent. From the comparison
between several QDs with different characteristics, one of major
causes for this fluorescence quenching is suggested to be the
thermal relaxation after the optical excitation.

This work was supported by JSPS KAKENHI Grant
Numbers JP16H06505 in Scientific Research on Innovative

Areas “Nano-Material Optical-Manipulation”.
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Abstract
A new technical principle for the correction of the wavefront of high-intensity pulsed laser radiation is proposed. The
method is based on the creation of a multichannel matrix two-dimensional dispersion structure in an acousto-optic crystal.
The temporal response of the proposed device is more than an order of magnitude higher than the temporal response of

the known wavefront correction devices. Preliminary experiments confirm the proposed principle.

Keywords: acousto-optics, chirp, dispersive method, piezo transducer

I Introduction
Among different and methods for

controlling the phase fronts of optical radiation various

techniques

systems of adaptive mirrors and spatial modulators based
on liquid crystals are widely used. It is well known that
with insufficient speed of control to compensate for
thermal and turbulent distortions of laser radiation, the
compensation quality decreases. The control speed of
mechanical adaptive systems and systems based on liquid
crystals usually do not exceed 10 kHz, but the dynamics,
for example, of atmospheric turbulence, scattering media
in biomedicine, are usually even lower.

The situation is changing if it is necessary to observe a
fast process in dynamics, for example, a moving object,
when the number of iterations during mathematical
processing increases sharply. The challenge is to develop
fast adaptive wavefront correction devices with a control
speed that is an order of magnitude higher than the
existing adaptive optical systems. Acoustic-optical (AO)
methods allows to make a new step in this direction.

* y.ya.molchanov(@gmail.com

IT Conception

The possibility of one-dimensional recording of the laser
field phase structure by the AO devices was apparently
first expressed in (Balakshy,1981)

In this study, we solve the inverse problem: control of
the wave front by an acousto-optic matrix device. The
matrix ultrasonic structure in the crystal can be formed in
an AO geometry, similar to the geometry of a
multichannel optical switch (Aubin,2004). In the claimed
design, each acoustic channel (column of the array) is
emitted by a separate piezoelectric transducer. The
column is filled with an ultrasonic field with a
programmable amplitude-frequency structure, as it is
done in the dispersive AO delay lines (Verluise,2000;
Molchanov,2009) or in AO filter with synthesized
transmission functuion (Yushkov,2015). A spatial matrix
structure is formed, which controls the angular position
and intensity of the wavefront along one coordinate in the
plane of diffraction. For two-coordinate control, after the
first AO matrix, an orthogonally oriented second matrix is
located (Figure 1). One of the features of the proposed
method is that for control MxN elements matrix only N
drivers are required.
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Shaped optical
wavefront
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Figure 1. Diagram of an acousto-optic corrector with the

architecture of 6x6 matrix elements.

IIT Experiment

One-coordinate prototype of AO corrector was custom
designed and fabricated. The AO cell is based on TeO,
crystal. Slow shear BAW is propagated along [110] axes,
optical radiation — along [001] axes. An array of 4
independent transducers was placed on (1-10) plane. To
verify the principle of wavefront restoration, we used two
adjacent channels: one reference channel and one control
channel.

G2 @ &1
) /
RFOut AMin| 1 2Ex Out Syrnc
|
L=/
27 us
10 / AWG
1us

Uig Out1 Out2
A 1 i

Screen

Figure 2. Experimental setup for verifying the principle of

AOQ correction of laser radiation.

The setup is shown in Figure 2. The Laser Quantum
Torus CW laser wavelength was 532 nm. The emission
was converted to pulsed mode with an acousto-optical
modulator synchronized with the phase corrector. The
collimated laser beam after the beam expander (BEx) had
an almost flat phase front. The additional phase object
could be installed in front of the working channel. The
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reference channel was not affected. The phase object was
a cylindrical lens with a focal length of 1 m, the focusing
plane is perpendicular to the diffraction plane. Global
synchronization is distributed by the RF generator
Agilent 33220A (G1); the AOM is controlled by the
driver G&H 1150 (G2). Two-channel arbitrary waveform
generator (AWG) Agilent N8241A and two amplifier
AMPI1, AMP2 (Empower RF) feed two
transducers of the AO corrector: the working one PZT1
and the reference PZT2 one.

modules

IV Results and Discussion

The distribution of the diffracted field after AO
corrector was observed on the screen (Figure 3). On the
left - the zero order, on the right - the diffracted field.

(a) (b) ©

Figure 3. AO restoration of the incoming field.

In Figure 3(a), identical RF signals with a frequency of
63 MHz are fed to both channels of the AO corrector.
The upper channel is working and the lower one is
reference. In Figure 3(b), an external phase object is
installed in front of the working channel, the control RF
mode is the same for both channels. The focusing of laser
radiation in the working channel is observed. In Figure
3(c), the dispersion control of ultrasound in the working
channel is implemented to compensate for the wavefront
distortion. The central diffraction frequency in the
working channel is 63 MHz, the RF chirp is 57-69 MHz.
The distribution of the diffracted field in the working
channel is restored to the original one. The prototype
switching time does not exceed 25 ps. In all experiments,
the AWG generated high-frequency pulses with a
duration of 12,8 ps resulting in the maximum waveform
update rate of ~80 kHz.

V Conclusion
We proposed and experimentally demonstrated a new
dispersive matrix acousto-optic method for phase front
control of the laser high intensity pulsed radiation. The
temporal response of the proposed matrix AO system is
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an order of magnitude higher than the speed of existing
wave front correction systems. One of the features of the
method is that MxN matrix can be controlled by either M
or N drivers.

The research was supported by the Russian Foundation
for Basic Research (Project 18-29-20019) and the
Ministry of Science and Education of the Russian
Federation (Project 02.A03.21.0004 / Grant K2-2017-
079).
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Two techniques for experimental generation of spiral light beams
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Abstract
Various methods of generating spiral beams have been analyzed. And the two methods, amplitude-phase and holo-
graphic, were subjected to experimental research. They were compared by their effectiveness and the quality of the beams
being formed. Besides, a model sample of the system designed for the formation of spiral beams of light was presented,
and a specialized software able to calculate complex amplitudes of structurally stable light fields with a given intensity

distribution was described.

Keywords: spiral beams, spatial light modulator, amplitude mask, phase mask, holograms

I Introduction

Spiral beams form the class of fields with phase singu-
larities that retain their intensity distribution shape (ex-
cept for scaling and rotation) during propagation and fo-
cusing. These beams were first discovered and described
by E. Abramochkin and V. Volostnikov [1, 2] as a class
of solutions of the parabolic equation for the light field.
The spiral beam optics provides a new fundamental pos-
sibility for forming structured vortex light fields. Their
use extends the functional resource of laser tweezers,
makes achievable a super resolution in optical micro-
scopes, and increases the noise immunity of the quantum
transmission systems. In this regard, a practical task often
arises of producing the spiral beams with predetermined
desired characteristics. This work also contributes to the
formation of spiral beams of light and to improvement of
their efficiency.

II Formation of spiral beams of light

A spiral beam can be experimentally formed by several
methods, such as intracavity, astigmatic transformation,
amplitude-phase mask method and holographic one. On
the basis of the analysis of the available literature on this
issue, two ways for experimental testing of the generation
of spiral beams were selected: holographic method and
amplitude—phase masks. These two methods are relatively
easily implementable, including the optical alignment. In
our experiments the specially made stationary phase
masks based on dichromate gelatin and liquid crystal spa-
tial light modulator (LC SLM) HOLOEYE HEO-1080p

(active area dimensions: 15,36 x 8,64 mm; display resolu-
tion: 1920 (H) x 1080 (V)) were used for specifying the
required phase distributions. As a radiation source, a sol-
id-state laser was used (A = 532 nm, Pmax =50 mW). The
resulting images were recorded using a CCD Matrix of
Canon EOS 350D digital camera.

For the amplitude-phase masks method, the two sepa-

rate transparencies were used, an amplitude photomask
and stationary phase mask, and their amplitude and phase
transmittance corresponded to the amplitude and phase of
the spiral beam. In addition, the phase profile of the con-
verging lens was recorded on the phase masks.

In the holographic method, the phase profile of the

transparencies was described by the expression that is the
interference term for the case of a helical beam and a
plane wave superposition:

9 = Ag A, cos(g —coF)%, ()
where Ag, Arand @g, @r, are the spatial distribution of the
amplitude and phase of the spiral beam and the plane
wave, respectively.

The efficiency and quality of the spiral beams for-
mation were estimated. The efficiency was determined as
the ratio of the power attributable only to the obtained
spiral beam to the total power in the detection plane. For
the amplitude-phase masks method the efficiency was
3%, while for the holographic one it achieved 15%. The
quality of the generated fields was estimated by the fol-

lowing parameters: heterogeneity of the curve width
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(RMSw) and deviation of the experimentally obtained
width from the calculated curve (nw).

For the amplitude-phase masks method:
RMSw =5.5%, nw =48%. For the holographic method:
RMSw = 5.5%, nw = 21%.

Thus it can be concluded that the holographic method
is obviously preferred for the spiral beams formation. It is
easier to align, energetically more efficient and allows
generating of beams of a better quality.

III. Hardware and software complex for the con-
struction of spiral beams of light.

In order to work with the mathematical model of spiral
beams, in general, and to calculate the complex ampli-
tudes, in particular, a specialized software was developed.

Analytical expression [3] given below, affords us to
construct a complex amplitude of a spiral beam with the
intensity in the form of an arbitrary plane curve z(t).

—zz

5 }f(2)=
P

:exp{_—zzz}xj'exp{_g(t)é;(t)_i_2Zé;(t)+ @
P 0 P P

S(z,7Z|£(t),t €[0,T]) = exp{

+§ [[C@' @ -¢@S @) Jdey g dr,

where p is the Gaussian beam parameter, the bar means
derivative in the variable t, dash denotes complex conju-
gation .

Thus, figure 1 shows the results of numerical taking the
integral (2) for the curve in the form of the Christmas tree
contour and oak leaf.

Figure 1. Intensity and phase of the spiral beam in

the form of various curves.

Among other things, the software allows to calculate
digital holograms by the method described in detail by the
authors in [2]. It also allows to introduce the lens, choose
its focal length, specify the angle of the hologram record-
ing, change the modulation depth from 0 to 2w, and
choose a sinusoidal or triangular dash profile.

The algorithm of the software use is as follows: we
draw a curve and save it on a sheet of the size of
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1920x1080 pixels (correlation with the LCD PMS) in the
format of 24-bit bmp. Then we upload the file into our
software. Afterwards, the complex amplitude of the spiral
beam in the form of the given curve is constructed using
numerical methods. Here we can build a hologram of the
spiral beam, introduce the lens, change the bands frequen-
cy.

The digital holograms were further used in the hard-
ware of our system. With the aid of the LC SLM, a phase
hologram was formed. To restore the helical beam holo-
gram, a solid-state laser beam expanded by a collimator
was applied.

Figure 2 shows experimental results of the reconstruc-
tion of a spiral beam hologram in the form of a Christmas
tree and oak leaf. It is seen that the spiral beam image is
scaled and is rotating. The effectiveness of the fields for-
mation by this method was 11%.

Figure 2. Experimentally obtained intensity distri-
butions of the spiral beam with a step of 4 cm from

the focusing plane F =42 cm.

IV. Conclusion

Of the two methods considered, the holographic one al-
lows the formation of spiral beams of a better quality and
with a higher efficiency. To implement this method, a
hardware-software system has been developed that al-
lowed the in-real-time formation of the corresponding
spiral beams along a given curve.
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Abstract

A spherical micro superconducting particle fabricated by laser ablation of the base material in superfluid

helium is trapped in a magnetic quadrupole field. The trapped particle is free from contact with materials other than

superfluid helium, and because of the superfluid helium physical property such as optical transparency, low temperature,

small viscosity, high thermal conductivity and so on allow us to carry out several interesting experiments with the

superconducting micro particle.

Keywords: micro particle, magnetic trap, superconductivity, optical manipulation, laser ablation,

I Introduction

We have fabricated superconducting micro particles by
laser ablation of their base material in superfluid helium
and then trapped them in a space using the quadrupole
magnetic field [1]. This trap is based on the Meissner
effect and is robust for the liquid helium temperature
below the critical value of the superconductivity. We have
measured the critical temperature for micro particles
produced from indium and rhenium. As the result, the
critical temperature of indium has been lowered from that
of the bulk value as the size of the particle decrease, on
the contrary, as for rhenium the critical temperature has
been heightened much larger than the bulk value. The size
of the trapped particles is hard to measure optical-
microscopically on the spot, but some of them could be
successfully dropped into a hollow produced on the
copper plate which was placed below the trap, and then
after the cryogenic experiment they could be observed by
the scanning electron microscope and the size could be
measured. The present and future work of this research
will be discussed in this paper.

IT Experiments
Scheme of fabrication and trapping of a superconducting
micro particle is described in the previous paper [1]. Flat
surface of indium metal as a base metal placed in
superfluid helium is irradiated by a focused beam of a
pulsed Nd:YAG laser with a pulse width of 5 ns and a

pulse energy of 1 mJ, which causes laser ablation plume.
A micro particle produced by the plume and then cooled
down below its critical temperature of superconductivity
by surrounding liquid helium is trapped by a quadrupole
magnetic field, which is produced by a pair of
neodymium magnets placed in front of the base metal as
shown in Fig. 1. By the irradiation of a low power laser,
the scattering light from the trapped particle can be
observed using a microscope and a CMOS camera. At
the end of the experiment, placing the copper plate below
the trapped particle and raising the liquid helium
temperature gradually, then the particle drops onto the
plate, which is picked out from the cryostat after the
cryogenic experiment and the collected particles can be
detected by a scanning electron microscope.

Magnets Cu Plate

Sample

—

Figure 1. Experimental set up for magnetic trap
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III Discussion
The present and future of our study is listed as

follows:

(M

@

)

A trapped particle in the superfluid helium can be
pushed away from its original trapped position by a
laser irradiation. The displacement increases with the
laser power and it depends on the wavelength of the
laser. This displacement cannot be observed for the
particle in the normal fluid helium. The displacing
force is much stronger than the optical pressure of the
laser. Displacement analysis manifests some optical
feature of the superconducting particle and the
thermal properties of superfluid helium.

A particle released from the displaced position moves
along the force of the trapping potential and the
viscous force of the superfluid helium against this.
By tracking the particle motion we can deduce
physical property of liquid helium and trapped
particle.

Angular distribution of the scattering light from the
spherical trapped particle will be the subject for the
Mie scattering analysis, which gives us optical
properties of the superconducting particle.

In the talk we will present and discuss the progress of

our research.
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Introduction

Low-temperature photoluminescence (LTPL) spectroscopy is one of the most
sensitive and informative optical methods for studying semiconductors and film
structures. LTPL spectra of CdTe crystals have been investigated in detail, and
new methods for predicting and controlling electrical properties of semiconductor
structures have been proposed on their basis. In particular, based on the study of
the dynamics of changes in photoluminescence spectra [1, 2], a method for deep
sample purification was developed, and polycrystalline CdTe of stoichiometric
composition with a photoluminescence spectrum containing only the exciton
component and no impurity contributions was obtained. The role of grain
boundaries in the formation of properties of coarse-grained cadmium telluride
was investigated by photoluminescence microprobe methods; it was shown that
the impurity—defect compositions of the boundary and internal regions of single-
crystal grains with sizes of 1-2 mm are significantly different [3, 4]. However,
the influence of structural and point defects on the formation of the
photoluminescence (PL) spectrum of fine-grained semiconductor samples has
not been considered to date.In this paper, we report the results of studying the
mechanisms of formation of LTPL spectrum and their relationship with the
anomalous photovoltaic (APV) properties of obliquely deposited CdTe and
CdTe:In films in dependence of the degree of their structural imperfection. The
LTPL spectra of fine-grained polycrystalline CdTe and CdTe:In films with APV
properties, in contrast to the spectra of single crystals and coarse-grained
polycrystals, were found to contain no contributions from excitons and
donor—acceptor pairs (DAPs), which are due to the generation of photo-emf in the
boundary regions of crystallites (that leads to stimulation of intrinsic (e—#)
luminescence and build-up of longitudinal optical (LO-) phonon repetitions in
undoped samples). The half-width of this band correlates with the peak value of
the anomalously large photovoltage generated in the film.

Technology. Experimental results

The objects of study, pure and In-doped obliquely deposited polycrystalline films
with a thickness of and an area of 5x20 mm’,were obtained from CdTe powder

by thermal evaporation in vacuum (residual gas pressure (1-4)x10? Pa) onto a
glass substrate at a temperature 7, =500-550 K [7, 8].The sizes of individual

crystallites were 0.7-1.0 um.CdTe films at room temperature, illuminated by an
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incandescent lamp with intensity L~10" Ix, generated photovoltage V,,, ~600 V
and short-circuit current 7_~10"" A. As-prepared CdTe:In samples with a
thickness ¢ =0.5-0.8 um turned out to have a lower resistivity and rather weakly
pronounced APV properties (V,, =50-100 V). However, after a TT at a
temperature 450-550 K for 3—5min in air in the presence of coactivator CdCl,
vapor, they generated a photovoltage up to (2-4)-10° V, and the short-circuit
photocurrent was as high as 7 ~10™® A.The photovoltaic parameters of the films
practically did not degrade during a year.

Conclusions

1.The LTPL spectra of fine-grained CdTe films excited by a cw gas-discharge
Ar' laser contain a fundamental emission band with a half-width A, ~10-20 meV

(4 line) and its LO- and 2LO-phonon repetitions.

2. A correlation was found between the LTPL spectrum and the APV properties
of CdTe and CdTe:In films. The intrinsic luminescence band is due to the
presence of potential barriers at grain boundaries, which generate surface photo-
emfs; the asymmetry of the latter results in APV properties.The method of joint
analysis of the LTPL spectra and photoelectric properties of fine-grained CdTe
polycrystals, proposed in this study,can successfully be used to investigate
properties of other semiconductor film structures.
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Abstract
We report on the fabrication of ridge waveguide in potassium titanyl phosphate (KTP) crystal by using swift O3* ion
irradiation and precise diamond blade dicing. An end-face coupling system was arranged to realize second harmonic
generation (SHG) through KTP ridge waveguide: 1064-nm TE-polarization wave —532-nm TM-polarization wave,
resulting in a conversion efficiency of 25.4%. This result implies potential applications for O ion irradiated ridge KTP

waveguide to be an efficient frequency-doubling device.

Keywords: Optical waveguide, KTP crystal, lon irradiation, Second harmonic generation

I Introduction

Potassium titanyl phosphate (KTP) is a widely used
frequency-doubling crystal for realizing high-efficiency
laser sources from near infrared to visible wavelengths
through phase matching (PM) and quasi-phase matching
(QPM) configurations ['l. Optical waveguides are basic
photonic components which confine the light propagation
in very small volumes with dimensions of micron or sub-
micrometer scales. Swift heavy-ion irradiation (with
energies not less than 1 MeV/amu) has emerged to be a
very powerful technique for waveguide fabrication in
various materials [,

II Body

In this work, the KTP crystal with dimensions of
6.0x3.1x1.7mm? was cut along the direction optimal for
SHG at 532 nm from the fundamental 1064-nm
wavelength (0 = 90°, ¢ = 23.5°) under the Type II phase
matching configuration, i.e., e® + 0® — €. Figure 1
depicts the schematic plot of the ridge waveguides
fabrication process. In the first step, the sample was
irradiated by 17 MeV O°" ions at fluence of 1.5x10'3
ions/cm? on one surface (6.0x1.7 mm?) through the 3MV

*chengyazhou@sdu.edu.cn

tandem accelerator, forming a planar waveguide layer
with thickness of ~8 pwm beneath the sample surface. In
the second step, a diamond rotating blade on top of the
irradiated planar waveguide surface moving in the
direction parallel to the blade was used to construct air
grooves with depth of 12 pm. The rotating speed and
cutting velocity were set to 20.000 rpm and 0.2 mm/s,
respectively. As a result, a ridge waveguide with 40-pm
width and 8-pum depth was formed. Figure 2 exhibits the
microscope image of the cross section of the KTP ridge
waveguide.

Figure 1. The schematic plot of the KTP ridge waveguide

fabrication process.
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Figure 2. The microscope image of the cross section of the KTP
ridge waveguide.

An end-face coupling system, as shown in Fig. 3,
was used to realize SHG through KTP ridge waveguide.
We utilized 1064 nm pulsed laser (80 pJ pulses with
duration of 11.05 ns at a repetition of 5 kHz) as the
fundamental laser source. The incident laser beam at 1064
nm was coupled into the KTP ridge waveguide using a
convex lens (NA = 0.4), and the generated SH laser beam
at 532 nm from the waveguide exit facet was captured by
using a 20x microscope objective and characterized by a
CCD camera, a spectrometer, or a power meter.

Mirror Objective KTP Convex

Polarizer

Figure 3. End-face coupling system used to realize SHG through
KTP ridge waveguide.

III Results and Discussion

Figure 4 depicts the typical laser spectra of
fundamental wave at 1064 nm and SH wave at 532 nm
under pulsed laser pump configuration. It was noted that
the fundamental wave at 1064 nm was with TE
polarization and the generated wave at 532 nm exhibited
TM polarization, which was in agreement with the bulk
type II (e®+0°—€>®) 1064 nm — 532 nm of KTiOPO4
crystal.
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Figure 4. The typical laser spectra of fundamental wave at 1064
nm and SH wave at 532 nm under pulsed laser pump
configuration.

Figure 5 depicts the power of the generated SH
wave at 532 nm and SH conversion efficiency as a
function of the 1064 nm fundamental wave for the ridge
waveguide in KTiOPOs. The solid circles and the lines
are the experimental data and the linear fit, respectively.
As we can see, the maximum output power of the SH
light was 19.05W when the pump power was 75W,
resulting in an SH conversion efficiency of n=25.4%.
Compared with the reported value of Nd:GdCOB ridge
waveguide , the conversion efficiency of KTP ridge
waveguide is significantly higher. This result implies
potential applications for O ion irradiated ridge KTP
waveguide to be an efficient frequency-doubling device.
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Figure 5. The power of the generated SH wave (P?°) at 532 nm
and SH conversion efficiency as a function of the 1064 nm

fundamental wave (P®) for the ridge waveguide in KTP.
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Abstract
In this paper an advanced nanoantenna was proposed. The aim of the work is a theoretical analysis of the construction
of the proposed nanoantenna. It was shown that proposed nanoantenna has more than 2 times less reactive resistance than
the monopole antenna. The area occupied by the proposed nanoantenna compared with monopoly antenna increases only

twice.

Keywords: skin-layer, capacitance, inductance, resonant circuit

I Introduction

Nanoantennas are widely used in modern science and
technology [1, 2]. Some of those devices are used for
directry convert light into electrical energy [2]. However,
the range of wavelengths in which a nanoantenna
operates effectively is rather narrow [2]. To extend it the
sets of nanoantenas were used [1]. The disadvantage of
such system is a large surface area occupied by a single
element. In scientific works [1, 2] tie-bow nanoantennas
are described. However, they can not operate over a wide
range of wavelengths. It is advisable to propose a
construction of a nanoantenna that capable efficiently
operate on a wide range of wavelengths. The aim of the
work is a theoretical analysis of new advanced
nanoantenna’s constructionight of the symbol to reduce

white space.

II Theoretical part

The proposed advanced nanoantenna consists of two
connected monopole antennas formed by square copper
prisms. The height of the first prism is d;, the second — is
d,. The sides of the square of the base of the prisms are
the same and equal to . Each square copper prism of this
nanoantenna has its own capacitance and inductance.
Their values depend on the geometric and electrophysical
parameters. The capacitance and inductance of each

square copper prism form an oscillatory circuit with its
own resonant wavelength. The degree of connection of
these resonant circuits varies depending on the
wavelength, because of the presence of the skin layer in
real conductors.

Values of square copper prism’s inductance and
capacitance are calculated with sufficient accuracy, for
example in [3]. The magnitude of the resistances R; and
R, for the first and second prisms, respectively, are
nonlinearly dependent on the length of the
electromagnetic wave, due to the presence of the skin
effect [4].

The electromagnetic wave interacts simultaneously
with both prisms (upper and lower). The amplitude of an
electromagnetic wave propagating along the upper prism
decreases at least 7 times, due to its size, passing from its
upper surface to the surface of the lower prism. An
electromagnetic wave interacting with the upper surface
of the upper prism is transmitted to the radiation receiver.
Therefore, the highest part of the energy of the

electromagnetic wave will take the upper prism.
III Results and Discussion
Antenna operates efficiently in a range of wavelengths
where its impedance is purely active [3]. The graph of the

dependence of the imaginary part of the impedance of a
copper nanoantenna (1) with optimized sizes d;=d,=35
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nm, b=48 nm from the wavelength is shown in figure 1.
In this graph other curve is shown for comparison the
dependence of the imaginary part of a single monopole
antenna formed by a square copper prism with height
d,=35 nm with the side of the square’s side b=48 nm.
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Figure 1. Dependence of the imaginary part of the

nanoantenna’s impedance from the wavelength

As can be seen from the graph in the solar radiation
wavelength range, the proposed nanoantenna has more
than 2 times less reactive resistance than the monopole
antenna. However, the effectiveness of this nanoantenna
is much greater than the efficiency of the monopole
antenna, due to a wider wavelength range. The minimum
of the reactance is in the near ultraviolet region. This
makes it possible to compensate the absorption of the
ultraviolet part of the spectrum in the atmosphere. The
proposed nanoantenna can be used in photovoltaics.

A patent for this construction of nanoantenna had been
applied. A positive decision regarding the patent in the
Russian Federation was received.
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Abstract
The study of the mechanism of the phenomenon of vector polyphotochromism led to the opinion that it has an
interference nature. This paper presents the first experimental data on the correspondence of this effect with the
manifestation of the photoelasticity of the polymer component of the material. We verified the accordance of the
transmission spectra of polarized light on the one hand of a photoactivated polarization-sensitive material and on the other
hand under the influence of a mechanical stress. The profiles of the obtained polarization spectra match each other.
Keywords: optical manipulation, polarization spectroscopy, vector optical signal, photoelasticity, frequency selection

Introduction

Earlier, a light-induced effect on the material was
detected in our laboratory, which was later named as
vector polyphotochromism [1]. It is noteworthy that both
the induction of this effect and its further registration is
possible only with polarized light and it manifests itself in
the form of the possibility of tuning the polarization
spectral characteristics over the entire visible range. The
authors continue to investigate this phenomenon and are
studying the mechanism of its formation. In previous
works, the interference nature of the occurrence of
polyphochromism has been found out in organic
materials obtained on the basis of azo dyes and polymers
[2-3].

The phenomenon under investigation

The phenomenon of vector photochromism was found in
some highly efficient polarization-sensitive polymeric
materials with azocomponents as vectorial selective
receivers of the recording light. The results depend on the
illumination dose of the linearly polarized actinic light
being exposed on that materials. When radiant exposure
exceed certain value specific to each material, a sharp
change in the transmission spectrum of the probing
linearly polarized nonactinic beam is observed after
analyzer. While probing with unpolarized light the

transmission spectrum is practically unchanged and does
not depend on the magnitude of the radiant exposure. The
effect is an interference nature and depends on the path
difference between the ordinary and extraordinary rays in
material with photo-induced anisotropy. It is found that in
this case birefringence has made the main contribution in
photoanisotropy [3].

Experimental results and discussion

During the study of this phenomenon, we noticed that
when material is exposed to the actinic light, its spectral
properties change in the same sequence as observed in the
Due to
interference between of the ordinary and extraordinary

Michel-Lévy interference color chart [4].

rays within optically anisotpopic medium a fringe pattern
develops along with the irradiation of polarization-
sensitive material. It is important to note that at the
beginning of the sequence of changing color of
photochromic area is the same one that the Michel-Lévy
interference color chart starts (In both cases, there is
transmission of the probing light in the yellow region of
spectrum). Further development of polyphotochromism in
the polarization-sensitive material is in a precise sequence
in accordance with this chart. For instance in the process
of increasing exposure to the actinic light after yellow the
spectral properties of the irradiated medium changes for
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transmission of orange, then switches to red range,
magenta, blue, cyan and ends the series ends with
transmission in the green region of the spectrum. Thus, it
became necessary to check the accordance of the
transmission spectra of polarized light in one case of a
photoactivated material and on the other hand under the
influence of a mechanical stress. The profiles of the
obtained polarization spectra match each other. Figure 1
and Figure 2.
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Figure 1. The resemblance of polarization spectra of the
photo- and
mechanicaly-induced strained area for the max transmission
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on range of 545-555 nm.
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Figure 2. The resemblance of polarization spectra of the
photo- and
mechanicaly-induced strained area for the max transmission

photoanisotropic  material between the

on range of 525-535 nm.
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Conclusion

The observed behavior of the material in the same way,
both under the influence of light and under mechanical
action, suggests that the phenomenon of the vector
polyphotochromism is based on the photoelasticity of the
polymer component of the material.

References
[1] Irakli Chaganava, George Kakauridze, Barbara
Kilosanidze, and Yuri Mshvenieradze, "Vector

photochromism in polarization-sensitive materials,"
Opt. Lett. 39, 3841-3844 (2014)

[2] Trakli
Kilosanidze

Barbara

"Light-
controlled vector polyphotochromism", Proc. SPIE
9137, Organic Photonics VI, 913712 (May 1, 2014);
http://dx.doi.org/10.1117/12.2051756

[3] Irakli Chaganava, Barbara Kilosanidze, George
Kakauridze, Luis Oriol, Milagros Pifiol, Alfonso

Induction  of  the

Chaganava; George Kakauridze;

and Yuri Mshvenieradze.

Martinez-Felipe, vector

polyphotochromism in side-chain azopolymers,
Journal of Photochemistry and Photobiology A:
Chemistry, Volume 354, 2018, Pages 70-77, ISSN
1010-6030;

[4] John Gustav Delly., “The Michel-Lévy Interference
Color Chart,” 22 September 2016,
https://www.mccrone.com/mm/the-michel-levy-
interference-color-chart-microscopys-magical-color-

key

Proc. of SPIE Vol. 11141 1114101-179



OMC-P-19

OPTICS & PHOTONICS International Congress 2019

Controlling the electrical size of a conducting
cylinder by eccentric coating of Matched
Impedance Zero Index Metamaterial

Tayyab H. Malik
Department of Electronics, Quaid-i-Azam University, Islamabad - Pakistan

Abstract—Metamaterials that exhibit zero index of refraction
have been experimentally realized by many research groups
and the existence of such metamaterials inspired the present
study. In this article, the scattering properties of a conducting
cylinder coated eccentrically with Matched Impedance Zero
Index Metamaterial (MIZIM) are presented and it is shown
that the MIZIM layer can be used to control the electrical size
of the object. The coordinates transformation techniques along
with superposition of cylindrical wave functions are elegantly
employed to obtain a simple form of solution for a better insight
of the eccentric problem. The effects of eccentricity and thickness
of coating layer on radar cross section (RCS) of the conducting
cylinder are explored and discussed. Our study suggests that,
the MIZIM coating layer can be used to scale the RCS of the
conducting cylinders, as desired in many applications. Moreover,
the same scattering properties can be obtained without employing
expensive techniques for depositing a precise and uniform coating
layer.

Index Terms—EM Scattering, Metamaterials, Zero-Index,
MIZIM .

I. INTRODUCTION

The scattering and propagation properties of electromag-
netic (EM) waves mainly depend upon the constitutive parame-
ters of the obstacle material and/or the medium of propagation.
Therefore, naturally occurring materials could only provide
a limited control on these properties [1]. Recent advances
in interdisciplinary sciences and engineering enabled the re-
searchers to realize and develop variety of artificial materials
to control the flow of EM waves in unprecedented ways [2].
By employing the modern engineering techniques, one can
create artificial materials with such characteristics that are not
usually found in naturally occurring materials, i.e. classical
materials.

Electromagnetic materials are often characterized by two
constituent parameters i.e. permittivity (e¢) and permeability
(p). In almost all classical materials (with some exceptions
e.g. metals, plasmas) these two quantities takes positive values
or at least one of the two remains positive over a wide range of
frequencies. However, such metamaterials can be engineered
with (real part of) permittivity (¢) negative, permeability (1)
negative or both (¢) and (u) negative known as ENG, MNG
and DNG materials respectively [3], [4].

There is another set of metamaterials having neither positive
nor negative values of permittivity and permeability over
a narrow frequency range. They are recognized as ‘epsilon
near zero’ ENZ (¢ — 0), mu near zero MNZ (p — 0)

metamaterials. As the refractive index of a medium is defined
by n = /€. (assuming €, relative to free space), if one of
the parameter takes a zero value, the index of refraction will
become zero. Thus, it is also known as zero index medium
(ZIM). Similarly, if both (e,,u,-) becomes (zero in this case)
the impedance of medium n = +/u./€, is matched with
that of free space impedance and hence termed as ‘matched
impedance zero index medium’ (MIZIM) [5], [6] .

A fascinating feature of ZIM (Zero Index Metamaterials)
that has been reported recently is the propagation of electro-
magnetic (EM) waves through it with zero phase delay. It has
been observed that a radiating source placed inside a bounded
ZIM region behaves similar to if it is placed on the boundaries.

In recent years, several studies have been carried out to
investigate the EM properties of structures involving ZIM
and MIZIM both theoretically and experimentally [6]-[14].
For instance, the n = 0 structures have been experimentally
verified for visible range [15]. It has been reported that
ZIM can be used to enhance the directive emission of an
embedded source [16]. The propagation properties through
ZIM and MIZIM structures were reported in [17]. It was
suggested that the ENZ medium can squeeze the EM waves in
a narrow waveguide [18]-[20] and the similar tunneling effect
was later demonstrated in microwave experiments [21]. The
possibility of using ENZ materials to tailor the phase pattern
of the output radiation from an arbitrary source was studied in
[22]. The enhancement of light transmission through dielectric
cylinders embedded in an ENZ host due to Mie resonances
was demonstrated in [23]. It has been shown in [24] that
perfect transmission of EM energy can be achieved by using
ENZ material junctions. Reshaping schemes based on ZIM
were proposed [25]-[27] and phase matching-free devices and
spatial power combination for omnidirectional radiation via
anisotropic metamaterials demonstrated recently [28], [29].

In this article, the study of scattering properties of a con-
ducting cylinder coated eccentrically with Matched Impedance
Zero Index Metamaterial (MIZIM) is presented. Generally, the
expressions for eccentric coating problems appears to be quite
complicated, however, here we applied the coordinates trans-
formation techniques along with superposition of cylindrical
wave functions to obtain a simple form of solution for a better
insight of the eccentric problem. The effects of eccentricity and
thickness of coating layer on radar cross section (RCS) of the
conducting cylinder are explored and discussed.
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Fig. 1. Geometry of the problem.(a) Concentric case. (b)Eccentric case

II. PROBLEM FORMULATION

A. Concentric Case

Let a PEC circular cylinder coated uniformly with a layer
of MIZIM metamaterial. The radii of the core and coated
cylinders are denoted by a and b respectively. The problem can
be divided into three regions, region-I (p > b) is considered to
be the free space while the region-II (a < p < b) is a layer of
MIZIM characterised by €2 and p9 and the region-III (p < a)
is a PEC cylinder.

Assume a T'M* polarized plane wave traveling in x direc-
tion is normally incident on the structure as shown in 1(a). The
time dependency e/** is considered and suppressed throughout
the text.

Hence, the total electric field (which is only z-component in
this case) in region - I can be written as;

n=-oo

EOZ]n

n—=—oo

Ey = (k1p) + anHD (k1p)]e™? (1)

where, Ej is the amplitude of the incident field, J,(.) and
Hr(Lk')(.) are the Bessel and Hankel functions of first and k"
kind respectively, k; is the wave number in region-I defined
as k1 = \/eofto, and a,, is the unknown scattering coefficient.
The electric and magnetic fields in each region is then de-
scribed in terms of unknowns coefficients by making use
of incident field and Maxwell equations. After applying the

OPTICS & PHOTONICS International Congress 2019

appropriate boundary conditions, the matrix form of the math-
ematical model of the problem is given below;

W2 (kib)  —HGY (ko) —Hy? (kab)
A= (2) (k‘lb) k2#1 H(l) (k‘gb) k2#1 H(z) (k‘gb)
0 H“)(k a) H(Q)(Ic a)
—J(k1b)
B = | —J, (kib)
0
an
X=|b,
Cn

Where b, and ¢, are the transmission and reflection
coefficients in region - II respectively. The prime denotes the
derivative with respect to whole argument.

B. Eccentric Case
Let us now consider a non-uniform coating over the MIZIM
cylinder as shown in 1(b). The core is displaced from the
original center O by a distance d to a new center O’ as shown
in 1(b). We will refer d as the eccentricity parameter. It can
be seen that the transformation between the two cylindrical
coordinate systems O and O’ may be given by:
5 +d )
It should be noted that the Helmholtz equations in region
- IT will not be changed, while the cylindrical (Bessel and

Neumann) functions in this region would be modified as
prescribed by the Graf’s addition theorem [30] i.e.,

p=+o0

Zo(kp)e™ = 3 7

p=—00

(k:d) n+p(kr))ej("+p)¢ (3)

p=+0o0
Z/n(kp)ejnd): Z Z (kd)Zn+p(kT))ej(n+p)¢

p=—00

“4)

The a,, scattering coefficient in region-I is then determined
by using the modified system of equations.

In general, the total scattering cross-section is given by the
ratio of scattered power to the incident power per unit area
[31], ie

n=-+oo

Z an e“’¢

n=—oo

&)

where kqis the free space wave number.

The backscattering cross-section is indispensable for many
practical applications, which can be given by setting the ¢ = 7
in equation (5) as;

(6)
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III. NUMERICAL RESULTS AND DISCUSSION

In this section, the selected numerical results are presented

and discussed. The frequency of the incident wave is con-
sidered to be 10 GHz throughout the analysis or otherwise
specified. In fig-2, the normalized bistatic RCS of a perfectly
conducting cylinder coated with MIZIM in comparison with
uncoated and coated with ordinary dielectric is presented. It
is evident that the RCS of the core cylinder is reduced by
dielectric coating, which is obvious because of the passive
nature of coating material. However, an increment in the RCS
of core cylinder is observed when coated with MIZIM and
the enhanced RCS seemed to be a scaled version of the RCS
of an uncoated PEC cylinder. It was also observed that the
RCS of the core cylinder have a linear relationship with the
thickness of MIZIM coating layer as shown in fig-3a. Further
investigations revealed that the RCS of the MIZIM coated PEC
cylinder is exactly overlapped the RCS of an uncoated PEC
cylinder with radius b i.e. equal to the outer radius of the
coated configuration. It was then confirmed by varying the
coating thickness and comparing the results with PEC cylinder
of corresponding radius as given in fig -3b. The RCS of a target
object is usually proportional to its electrical size and to obtain
a larger RCS, we generally use a higher frequency EM source
for a fixed physical size. We found that the MIZIM layer can
be used to enhance the RCS of a conducting cylinders without
changing its physical size or the frequency of the incident
wave. This is worth noting that the profile of the scattered
fields does not change (but scaled) in case of MIZIM coating
on PEC cylinder.
Another, interesting feature observed in the present study is de-
picted in fig-4a, where it is shown that the scattering properties
of the core cylinder are independent from eccentricity between
the core and Lossless MIZIM coating centers. The justification
behind this interesting phenomenon could be quite simpler as;
the phase velocity of the wave propagating inside the MIZIM
region is infinite, hence the small differences in distances from
core to the outer interface should not matter. However, for
a Lossy MIZIM the backscattering can be controlled with
appropriate position (eccentricity) of the core and coating
centers as shown in fig-4b.

It has been reported in [17] that inside the MIZIM medium,
spatial components of the total electromagnetic fields behave
like a combination of static electric and magnetic fields while
the temporal components remains dynamic. It has also been
shown in the above cited paper that the elementary sources
can radiate when placed inside the MIZIM medium and the
phase remains unchanged throughout the MIZIM region after
steady state conditions are obtained. In the light of above men-
tioned observations, we can demonstrate the phenomenon of
scattering from MIZIM coated PEC cylinder as; The incident
wave does not see any impedance (mismatch) when arrive at
the MIZIM boundary of the coated cylinder and hence no
reflection should be occurred at that interface. As the wave
number 'k’ is zero inside the MIZIM medium, no spatial
variation is expected and the static fields coupled the surface
charges of the core cylinder to the outer interface. These fields
excite time harmonic surface currents on the surface of the
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Fig. 2. Comparison MIZIM coating with PEC (uncoated) and ordinary
dielectric coating. Core and coating radii: @ = 0.5\g, b = 0.75\¢, Dielectric
parameters: €, = 9.8, pup =1,

PEC cylinder. The PEC cylinder behaves like a collection of
infinite line sources distributed along the circumference with
certain phase difference. These line sources then reradiates and
the EM fields propagates with infinite phase velocity through
MIZIM region and reaches the outer interface.

IV. CONCLUSION

The scattering properties of a conducting cylinder coated
eccentrically with MIZIM are presented. The effects of eccen-
tricity and thickness of coating layer on RCS of the conducting
cylinder are explored and discussed.

The two key findings in the present work are:

1— The electrical size of the conducting cylinder varies
systematically with the thickness of the MIZIM coating layer
and is independent of its physical size.

2— The scattering properties of the core cylinder do not
depend upon the non-uniformity of Lossless MIZIM coating
layer while the backscattering cross section depends linearly
on eccentricity.

Hence, the MIZIM coating layer can be used to scale
the RCS of the conducting cylinders, as desired in many
applications. Moreover,the same scattering properties can be
obtained without employing expensive techniques for deposit-
ing a precise and uniform coating layer.
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We demonstrate by a simple calculation that tight focusing of a Gaus- sian beam in optical tweezers
leads to spin-momentum locking, where the spin momentum density is rendered independent of
helicity while the Poynting vec- tor becomes helicity dependent. We hypothesize that the presence
of a stratified medium in the path of the trapping beam would enhance the transverse spin mo-
mentum leading to exotic controlled rotation of optically trapped single mesoscopic particles for

input circularly polarized light.

I. INTRODUCTION

Light carries both orbital and spin angular momen-
tum, and the Poynting vector - which is considered to be
the vector representative of the flow of energy - has con-
tribution from both the orbital and spin part of the mo-
mentum. The spin contribution in Poynting vector, in-
troduced by Belinfante through the equation p'= p° + p®
[1], where p® represents the contribution of spin in poynt-
ing vector, is rather enigmatic. This is because the term
p°, though being responsible for spin angular momen-
tum, does not contribute to the energy flow, so that it
may be considered to be a virtual quantity. On the other
hand, p° represents canonical momentum that is respon-
sible for generating orbital angular momentum (OAM)
(I'=7x ).

It has recently been discovered that a phase shifted
longitudinal component of field plays a major role in the
appearance of spin (polarization) dependent transverse
momentum and spin (polarization) independent trans-
verse spin angular momentum (SAM) (p°)[1-4]. This
particular feature is well known as spin momentum lock-
ing in condensed matter physics in the context of topo-
logical insulators [5, 6]. On the surface of a topological
insulator, special states exist which fall within the bulk
energy gap and allow surface metallic conduction [7].
The carriers in these surface states have their spin locked
at a right-angle to their momentum (spin-momentum
locking) [8]. In optics, this feature is manifested as the
transverse component of the Poynting vector - which rep-
resents the flow of momentum - being independent of he-
licity (spin) of the beam [9]. In case of evanescent fields,
such non-trivial structures of spin and momentum den-
sity have been observed and reported [9]. In fact, such
a transversely spinning electric field arising in the case
of transverse SAM of light, and resembling the spinning

* nghosh@iiserkol.ac.in

T ayan@iiserkol.ac.in

movement of the spokes of a rolling bicycle wheel, has
recently been experimentally achieved [10]. It has also
been shown that the general solution of Mie scattering
from a spherical particle, which has phase-shifted lon-
gitudinal component indeed has the helicity dependent
transverse component of poynting vector (generally ad-
dressed as ‘transverse (spin) momentum’) and helicity
independent transverse spin angular momentum density
[11, 12]. Thus, keeping in mind that a tightly focused
Gaussian beam has a longitudinal field component which
is phase shifted from the transverse components, the ob-
vious question that arises is whether a tightly focused
Gaussian beam also contains these interesting and ex-
otic properties.

In this paper, we show that a tightly focused Gaussian
beam indeed possesses the very same properties of spin-
momentum locking as has been observed for evanescent
fields and Mie scattering.

II. THEORY

A. Spin momentum locking for tight focusing of a
Gaussian beam

Tight focusing is well understood with the help of
Debye-Wolf diffraction integral method and angular
spectrum method.  The generation of longitudinal
component which is phase shifted from the transverse
components is well known. The expression of the tightly
focused beam can be written in a matrix formation as

FE, Iy + I>c082%) I5sin21) 211 cosy
E, | =C Iys1n24 Iy — Isc082y) 201 siny
E. —2il1cosy —2ilisiny g+ 1o

(1)
where X is Jones polarization vector. The Iy, I and I
are well known diffraction integrals.C is a constant.
In case of left circular and right circular polarization
input (with X = [1 £ 0]7 for L.C.P. and R.C.P.
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respectively) the output electric field becomes:

E, (Io + Izcos(29)) £ ilasin(2¢)) \
E, | = | Lsin(2¢y) £i(ly — Ircos(2¢)) | X (2)
E. —2iI1cos(v) + 21 sin(v)

To calculated magnetic field we exploit the symmetry
that tightly focused electric and magnetic field enjoy[14].

H, = *Ey(g — )
H, = Ez(g — ) (3)
H, = -E,

The spin momentum density is given in SI units
as[2, 10, 15]

eExE" +uH x H*
S = 5 5 (4)
wle |E[" + p[H[7]

The Poynting Vector in SI unit is given as:

_ %Re(E < HY) (5)

Here we calculate the Spin momentum density and
Poynting vector.For Right Circularly Polarized light the
expressions are:

= 411 (cos(v) + sin(y))(Io — I cos(2¢)) + 2 sin(2¢)));
41 (— (1o + I2) cos(¥) + I sin(y)) + L2 sin(3¢));
4(1,

(1§ — 13)

Sz
Sy
S

(6)
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2
P, = 2(cos(v) + sin(y)) (Ioly — I1 Is(cos(2¢)) + sin(24)));
= —2(cos(v) — sin(y)) (IoI1 + I I2(cos(2)) + sin(2¢)));
212 — 12 cos(4))

R
I |

(7)

For Left Circularly polarized light the expressions are:

w = 411 (cos(v) + sin(v))(Iy — Iz cos(2¢) + 1o sin(29)));
411 (— (1o + I2) cos(v) + Iosin(zp) + I2sin(34)));

z = _4(10 - 12)

(8)

P, = —2(cos(v)) + sin(¢)) (IpI1 — I1 I2(cos(2¢) + sin(29)));
Py = 2(cos(vp) —sin(v))(IoI1 + I112(cos(2¢)) + sin(2¢));
P, = 2(I7 — I cos(43)))

(9)
Clearly we can see that under the change of helicity
from +1 to -1, the transverse component of spin angu-
lar momentum remains same, but the transverse com-
ponents of Poynting Vector flip direction. This confirms
that helicity dependence of traverse Poynting vector and
helicity-independence of transverse spin angular momen-
tum are properties of a tightly focused Gaussian beam.
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Nano-post arrays for optical interconnects*

Shulang Lin*?, Huarong Gu®

State Key Laboratory of Precision Measurement Technology and Instruments, Department of
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Abstract

In this paper, we present a compact solution using high-contrast all-dielectric nano-post arrays for optical interconnects
in optoelectronic integrated neural networks. The nano-post arrays are made of amorphous silicon which has a high
refractive index and high transmittance in the near infrared. The radius of each post is changed to generate different phase
delay. The simulated arrays approximated by phase geometry can focus and deflect the plane wave of 1550nm
simultaneously. To obtain a higher efficiency at designed area of detector, we assume the intensity distribution on focal
plane as Gaussian-shaped. We also use the Rayleigh—Sommerfeld diffraction formula and Gerchberg Saxton iteration to
calculate the phase profile of optical interconnects. The connection efficiencies of post arrays are calculated by numerical
simulations and compare to zone plates. Simulation results show that the proposed nano-post arrays have superior
performances.

Keywords: optical interconnects, neural networks, diffraction, zone plates, all-dielectric nano-post

I Introduction including diffractive optical elements such as zone plates
Recently, artificial neural networks (ANNs) have and holographic devices, are typically above 100 microns
’ . in size. Typically, such a focal length of the diffractive
received extensive attention because of their excellent . S,lze ypleaty £ i
. i .. optical element are more than 100 microns. If they are
performance in image processing, pattern recognition, i . .
dical diaenosis and so on. These anplications are required to r a large deflection angle, overlay in the depth
me . L . .
—_ lg red i f hich b K CPU direction of the current process is difficult to achieve. In
mainly implemented in software which work on . . . . .
D ty CPI;J’ 1 ffici ith o bio dat other words, the diffractive optical element is not easy to
ue to s low efficiency with processing big data, . } } .
hieve high numerical aperture (NA). Considerin
and increasing importance of real-time processing, much ?C ) g 'p (NA) ) g
K of imorovine ANNS' computine sveed and integration of an electro-optical neural processor, the size
wor L
efficiency haspa grea% development sfch angPIEJ FPGA of the optical interconnects must be small enough, the
ASIC. F le. NVIDIA's Xavi ’ J focal length is short, and the efficiency of focal area is
. For example, s Xavier processor is . )
desioned P loted  drivi £l tp i . high enough. Recent work on subwavelength flat optics
esigne or unpilote riving. ectronic neura
) shows that metasurface-based metalens can meet the need
hardware are demonstrated that their efficiencies have ¢ w focal leneth and efficienc

. ) of size, focal len .

great improvement while it is still limited by electronic g Y

Neuron
. .. e Wy
clock rates and ohmic losses. Similarly, ANNs can be - Threanod | OLEDDiver | Optcalerconnect - %
implemented in optoelectronic or all-optical ways. The Gireutt Circuits BlemeptAray ¥y ]
. i L. Photodetector OLED Stack '
optoelectronic implementations have more superiority T st s g L~
1
thanks to flexibility of electronic components and < - ]
parallelism of optic connects. Figure 1 shows a basic _‘ - § e
structure of the optoeletronic neural network that one = g/ // g
neuron is connected to nine neurons in next layer by nine 1 t ;, R L~
optical interconnects. The detector receive light signal Contray _~

. Photodetector
emitted by the neurons on the upper layer. Hence, an . ) )
. . . Fig. 1. A basic structure of an optoelectronic neural

optoeletronic neuron requires at least three different . o .

. . X network. The function of optic interconnects consist of
optical interconnects which are called center, edge and L . .

. . . nine light source and nine connect devices.

diagonal for short. However, current optical interconnects,
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Metasurface can control light by subwavelength-scale
structures such as V-shaped antennas, which are capable
of modulating the phase, amplitude, or polarization of
transmitted light. Through gradual phase accumulation or
local phase shifts, we can construct ultrathin optical
components with converging function which are called
metalens. In this paper, we proposed three kinds of nano-
post arrays to realize requirements of the optical
interconnects. The structure consist of a-silicon post
arrays and silica substrate. Through changing the radius
of post, depending on high contrast grating theory, the
generated phase shift can realize 2n. The arrays can focus
light and deflect big angle simultaneously with high
efficiency.

II Design of nano-post arrays

The design of transmit arrays start with simulations of
post with in a square lattice. The arrays is normally
incident by plane wave with wavelength of 1550nm. The
post arrays are 700nm tall in order to ease fabrication
difficulties, which is different with previous simulation.
The index of amorphous silicon is 3.37 according to
actual processing parameters of film growth and the index
of silica is 1.44. The period of square lattice are 720nm to
increase the sampling rate so that the phase shift of arrays
can be closer to the calculated continuous phase
distribution. The unit with lattice period less than 720
could not cover 2m phase range with suitable radius
composition. The phase and amplitude response of the
unit as shown in Fig 2. Because the lattice is square and
the unit is post, there is no difference between the
polarization direction and the x direction and the y
direction.

d
diameter TFe—== ~
N -

vooel = NN
SiO, ol N :
0000 —

0000 s .l

y%[ o006 | = Trnamissn
0
z X 100 150 200 250

Post radius/nm

a b
Figure 2(a) Post arrays with same radius. Every unit is
amorphous silicon post set on square lattice of fused
periodic post array with radius varying from 100nm
t0o261nm.
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We have calculated 600 points of radius from 100nm to
300nm and used linear interpolation to obtain fitting curve
between phase, transmission and corresponding radius.
We have trimmed the region from 100nm to 261nm in the
curve because they can meet the need of 2r phase shift,
otherwise, the transmission are more than 60% for each
case. The diameter of 200nm to 522nm can ease the
difficulty of fabrication for such deep silicon etching. In
our previous simulation whose period is 800nm, the
transmission is more than 85% with same radii range.
‘When the lattice constant decrease from 800nm to 720nm,
the transmission falls. Since the phase delay of different
unit are relative value, we delimit the phase of 100nm as
zero and at 261nm the phase change to 2= relatively. With
the curve of phase and radius, any phase distribution can
be realized.

We use center, edge and diagonal to refer to each
element that the center only focus the plane wave on the
distance of 65 ¢ m at z direction, the edge should focus on
the same distance and deflect w=30 ¢ m at y direction,
and the diagonal should deflect w=30*y" 2 pum at diagonal
direction. Take the edge case as an example, the
deflection angle for central part is about 24.8 ° which
corresponds to about 5 units in a 2w period under the
condition of wavelength of 1550nm and periodicity of
720nm. The structure away from the central part need to
deflect a longer distance, causing some of them become
useless. When less than two posts in a period, there does
not exist phase gradient. With plane wave of A=1550nm
normally incident in our simulation, every element has
size of 50.4pmx50.4pum which consist of 70x70 posts
with lattice’s periodicity of 720nm. In most work about
metalens, the desired output wavefront is considered as
spherical waves for incidence of plane wave like
traditional lens. To improve the efficiency of the designed
spot, we assume the intensity distribution on focal plane
as Gaussian-shape and used the Rayleigh—Sommerfeld
diffraction formula (RS) and Gerchberg Saxton (GS)
algorithms for 20000 iterations of forward and reverse
propagation. According to the size of the detector we
designed, we found that the efficiency calculated by RS is
highest when the waist is set as 2um. Fig3 is the post
arrays for center, edge, and diagonal connections instead
by corresponding post.
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a b c
Figure 3, (a), (b) and (c) are posts array which consist
a-silicon post set on SiO2 substance for center, edge,

and diagonal connections

ITI Results and Discussion
1. Figures and captions
The of three

connections show as Fig4. The focusing efficiency is

normalized intensity distributions
defined as the transmission within a 16pumx=16pum detector
around the focal point.
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Figure 4, The absolute value of scatter electric field of x-y plane
at z=65um. (a) center, (c) edge and (e) diagonal, the electric
field of propagate plane(b) center, (d) edge and (f) diagonal. The
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white dotted line is the projection surface of the optical

interconnection element and the red dotted line is the monitor.

For Gaussian-shape design, the normalized intensity
distributions of edge and diagonal connections show as
Fig5. The spot sizes are bigger than spherical one.

a b

Figure 5, The absolute value of scatter electric field of x-y plane

at z=65um. (a) edge and (b) diagonal.

In order to compare under the same conditions, we also
use FDTD to simulate the zone plate with a focal length
of 65um. Fig5S shows the two steps zone plate phase
profile and simulation results. The phase profile calculate
with sampling of 100nm considering the smallest line
width is about 1pm at practice. The windows chose for
monitor the efficiency are same to nano-post arrays.

To have a fair comparison, the sampling period of the
phase profile for the zone plates is set as 0.1um, the phase
profiles of the zone plates are quantized into two steps as
shown in Fig. 9, the numerical simulations are carried out
using the same version of Lumerical FDTD Solutions,
and the same set of detectors are employed to calculate
the focusing efficiencies. The performance of nano-post
arrays and zone plates are listed in the Table 1. For each
connections, the focal efficiency of nano-post arrays are
always higher than zone plate owing to two step phase
gradient can’t well approximate real continuous phase
distribution. The nano-post arrays solution can mostly
imitate real geometry phase with infinite steps with
enough sampling.
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Table 1. Comparison of nano-post arrays and
zone plates

items efficiency
center Nano-post 42%
(sphere)
Nano-post 52%
(Gaussian)
Zone plate 18%
edge Nano-post 26%
(sphere)
Nano-post 40%
(Gaussian)
Zone plate 23%
diagonal Nano-post 21%
(sphere)
Nano-post 24%
(Gaussian)
Zone plate 21%

2. Conclution

This article present nano-post arrays solution for optic
interconnects based on high contrast refractive index. The
center connection can concentrate the light and the edge
and diagonal can focus and deflect it to the detector out of
the element. The Gaussian-shape design have higher
efficiencies. The focal efficiency still need more research,
for example, trying to enlarge the sampling or considering
of multi-level diffraction. The nano-post arrays solution
have higher efficiency than two-step zone plate with
mature CMOS processing technology. With these binary
optic optimization methods we can obtain better beam
shaping and multifocal element for special interconnects.
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Abstract
Tunable multi-focus spots (TMS) as a technique potentially offers extremely convenient in scientific and industrial
applications. However, the general approach used for forming axial multi-focal spots based on Fresnel zone plate limits
the conceivable applications. In this paper, we introduce a method to generate TMS by phase-only results and a novel
modified Gerchberg—Saxton algorithm. The main advantage of the approach introduced here is that it is intuitive,
effective, and straightforward. As an example, we applied it to design the axial tunable spots intensity, which can be
controlled easily. Theoretical and numerical simulations demonstrate how TMS can offer the possibility of versatile

applications.

Keywords: Laser beam shaping; Diffractive optics; Binary optics; Multi-focus spots

I Introduction

Multi-focus beam offers a broad range of applications of
spots mode, and is being applied in numerous scientific
and industrial fields. Particularly interesting applications
for this kind of beams are reading in multi-layered peptide
array system [1], intraocular lenses, long depth of beam
[2-3] and multi-layer optical disc storage [4] in general.
Such beams are attractive not only because of their multi-
focus spots properties but also we can modulate the spots
mode.

Many approaches have been put forward to design
multi-focus beam, such as micro-lens arrays, beam
splitters, freeform surface, Fresnel zone plate, and
diffractive Although  different
approaches have been carried out for designing multi-

optical  elements.

focus lenses, our goal is to present an approach based on

(BOEs) by
the best of
knowledge, no thorough analysis of axial intensity

pure phase binary optical elements

optimization algorithm. However, to

distribution of the generated multi-focus spots modes
have been reported so far. Here, we apply it to design
axial multi-focus points with different modes distribution.
The approach allows us a straightforward method to
control normalized intensity distributions. Meantime,

*xnl8@mails.tsinghua.edu.cn;

various algorithms about such a light field have been
bring forward in literature [5]. Calculating an accurately
phase distribution to generate a high-quality demand-
oriented light field is a challenge problem, because phase
distribution generally cannot be solved analytical results.
We report the realization of iterative algorithm for multi-
focus spots, which can obtain intensity profile accurately.
Since such beam can be generated by modified methods,
the accurate problems are overcome and to reach in many
applications, i.e. direct laser writing, demanding in a
variety of modes spots.

In this paper, we propose a practical method to show
how to engineer different kinds useful forms beam of
multi-focus spots. Firstly, we describe theoretical
considerations by k space Fourier transformation, and the
expression of axial light field is discussed. Based on the
theory, the axial light field controlled by phase-only
expression is derived, which can be used for tunable
multi-focus spots control in the hereabouts focal region.
Then, modified Gerchberg—Saxton (GS)

algorithm is presented to optimize the BOEs. Through

a novel

this algorithm, the axial light field can be tailoring

accurately. Eventually, numerical simulation and
experiment are carried out to confirm the feasibility of the
proposed design and demonstrate the tunable tailoring

mode of different foci spots intensity by pure phase
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spatial light modulator (SLM). We also provide a brief
summary of the method, the most significant results, and
the potential applications.

II Design Methods

With a scalar and paraxial description, our system is
limited in the small numerical aperture, which is justified
for the diffraction from the BOE and lens can be
neglected and the feature size of BOEs >>A. For an N-
ring pure phase BOE, when an ideal plane wave incidents
commonly, the two-dimensional Fourier transform of a
field E (72, z) defined in axial position at distance z can be
expressed as [6]

E(r,.2) = (—)jr ‘"—r(———ﬂ (“}rj ndr, (6

f

where 7 and 7, represent the radial coordinates on the
input and output planes, respectively. A is the wavelength,
fis the focal length of lens, Jo is the zero-order Bessel

function. It worthwhile to note that #(#) denotes the

complex amplitude function in the radial direction on the
input plane, which can be written as

N _ n—(Q2j-DR/N/2
t(r)= Hrect(= , 7
(1) P exp(ig,; Jrect( TN ) ()
where ¢1;, j = 1, ..., N defines the phase of zone j on the

input plane, R is the radii of the BOE, and rect(-) denotes

a rectangle function defined as

1
rect(x) = 2 . (8)

L.

Figure 1. Multi-focus spots generated by a BOE and a lens.

Furthermore, we adopt a wave-vector k space to
numerical analyze the propagation of the beam behind the
lens by Hankel transformation. If we assign a zero value
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to the on-axis position, the light field just behind the lens
(z=0) can be written as
S(&,z=0)=[E(r,,z=0)exp(—i&kr)dr , (9)
Considering an azimuthally independent light field
distribution with distance z = 0, the Fourier transform can
be expressed in the form of a zero-order Hankel transform
in the cylindrical coordinate system

S(,z=0)= kIfE(rz,z =0)J,(Ekryrdr . (10)
0

We describe such a beam propagate the spectrum in
the k space with a distance z based on angular-spectrum
method [6], then given by

8(5,2) = S(5, 0)exp(ik.2) , (11)

where k.= ky/1-& is the wave vector in the propagation

direction usually termed as the propagation constant.
Using the inverse Hankel transform, the light field
distribution on-axis can be obtained

E(ry.2) = k[ S(&,2)J, (ERrEE (12)

Based on inverse transform to Eq. (12), we may
express the corresponding axial light field as,

E(r,=0,z) = 'jS(g, z = 0)k. exp(ik.z)dk, (13)

It is clearly to note that the function Eq. (13)
describes the spatial spectrum field distribution lined with
the axial propagation generated by one-dimensional
Fourier transform.

IIT Simulation Results

In the previous sections, we show how to design a BOE to
modulate the light field by phase-only results and a novel
modified GS algorithm. In this section, we will work
within the framework of below sections, and we show
how to achieve tailored TMS along the optical axis.
Furthermore, spots intensity can be easily tunable. The
design parameters are shown in Table 1.

Table 1. Design parameters in the simulation.

Focal length of lens f=100mm

Number of sampling points M=600 or 800 (For four-focus
(Axial direction) spot)

Number of sampling points N=100

(Radial direction)

Wavelength A=632.8nm

The diameter of BOEs D=7mm

Number of modified algorithm 120 times/plane
iterations
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In Fig. 9, we show the light intensity distribution
with the propagation distance, and it consists of tunable
spots energy distribution. The axial light intensity
distribution can be designed as the tendency of “A or v”,
which is shown in Fig. 2 (al-a3). The axial intensity of
the submaximal value is set to 50% of the maximal value.
It can be shown the method process good regulation

ability to realize the target field.

Figure 2. Numerical simulation results with tunable spots energy
distribution.

Moreover, the sidelobes intensity also be constrained.
We set the peak intensity of the sidelobe should be lower
than 25% of the maximum intensity on-axis.

IV Conclusions

In summary, we have shown a useful method for
designing TMS based on phase-only results and a novel
modified GS algorithm. Compared to the frequently
general method, the phase-only pattern targeted to control
the TMS can be more efficiently to obtain using our
proposed method. We have shown that TMS can be
generated different various modes of beam. This pure
phase designing method has potential applications in
interdisciplinary fields. Point-based method is used to
obtain the straightforward and effective initial phase, and
a modified GS algorithm is put forward to design BOEs,
and the sidelobe are also constrained in the design.
Specifically, the experiment TMS light field distribution
is naturally consistent with numerical simulations. We
believe that the ability to generate TMS beams will be

fully used for potential laser beam applications.
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Abstract
We proposed a novel photonic crystal fiber composed of a double-cladding square lattice that could be used in dual-
band, Er and Tm optical gain bands, simultancously supporting a large negative dispersion and a high birefringence. We
theoretically investigated the light guiding property through the proposed PCF by using a vectorial finite element method
(FEM) with a perfectly matched layer (PML). By optimizing the structural parameters, we obtained an ultra-large
negative dispersion of -20,186ps/(nm-km) and a very high birefringence of 9.27 x10- at the wavelength of 1.55um in the
Er gain band and a very large negative dispersion of -8,067ps/(nm-km) and a high birefringence of 1.0 x107 at the

wavelength of 1.87um in the Tm band.

Keywords: photonic crystal fiber, birefringence, negative dispersion

I Introduction

Photonic crystal fibers (PCFs) have optical properties
distinctively unique in comparison to conventional fibers
due to its cladding composed of regularly arrayed air
holes. By controlling the air-hole cladding structure,
PCFs have demonstrated novel optical properties that
were not attainable in conventional fibers, such as
flexibly
birefringence, tailored nonlinearity, and endless single
mode guidance, to name a few [1-4]. Among them, the

controllable  chromatic  dispersion, high

ability to adjust the chromatic dispersion has drawn
intense attention due to its fundamental roles to enable
high capacity optical communication systems by effective
dispersion compensation [5, 6], and to overcome the
trade-off between the optical nonlinearity and the
negative dispersion in conventional step-index fibers [7].
In this study, we proposed a new double-clad square-
lattice silica PCF design that can overcome the prior
trade-off between D and B so that we were able to obtain
both a large negative D and a high B not only in the Er

gain band but also in the Tm-gain band for the first time
to the best knowledge of the authors. By parametric
analyses, the impacts of our double-clad square-lattice
PCF design were thoroughly investigated to understand
impacts of the waveguide parameters on D and B in the
dual band.

II Fiber design and numerical analysis

Figure 1 shows the cross-section of the proposed
square-lattice PCF with a double-cladding square lattice
(DC-SL) structure. The square lattice cladding consists of
two regions, the inner cladding, and the outer cladding,
which have their own air hole diameter (din, dou) and air
hole lattice parameter (Ain, Aow). To implement the
double-cladding structure, we removed 6 air holes with
the diameter of d,;, 2 rows and 3 columns, from the
center and then replace it with smaller air holes with the
diameter di, arranged with the spacing Ain (=Aou/3),
which serves as the inner cladding. Then, we further
removed 6 smaller air holes with the diameter of din, 2
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Figure 1. Transverse cross section of the proposed PCF

rows and 3 columns, in order to make a rectangular core
with a high spatial asymmetry as shown in Figure 1.

The proposed PCF simultaneously realized a large
negative D and a high B in both Er and Tm gain bands. In
an optimized structure, the air filling fraction of the inner
cladding was set higher than that of the outer cladding so
that the proposed PCF induced a large negative dispersion.
A high-birefringence was obtained independently by
controlling the size and the shape of the rectangle core [8].
Using the proposed DC-SL PCF structure, we obtained an
ultra-large negative dispersion of -20,186 ps/(nm-km) and
a very high birefringence of 9.27 x10- at the wavelength
of 1.55 um in the Er gain band and a very large negative

dispersion of -8,067 ps/(nm-km) and high birefringence of
1.0 x107 at the wavelength 1.87 um in the Tm band as
shown in Figure 2.

In the mode analyses, we used a full vectorial finite
element  method (FEM) package (COMSOL
Multiphysics) and applied the perfectly matched boundary
layer (PML) boundary condition to understand the light
guiding properties of the proposed PCF. In order to fully

include the material dispersion in the chromatic

dispersion, we used the refractive index of fused silica
given by Sellmeier equation.
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Figure 2. Light guiding properties of the proposed PCF.
(a) chromatic dispersion of the polarized fundamental
modes in of the y-polarized fundamental mode at A= 1.55
pum in Er gain band and x-polarized fundamental mode A
=1.87 um in Tm gain band, and (b) birefringence. The
black line indicates optical properties of y-polarized
fundamental mode with Ay = 1.5um, dow/Aew = 0.75, Ain
= Aou/3, din/Ain =0.878. The red line indicates optical

properties of x-polarized fundamental mode with Ay, =

1.6pum, dow/Acu = 0.75, Ain= Aow/3, din/Ain =0.878.

3. Conclusion

A square lattice PCF with a double cladding structure
was proposed to break the technical trade-off between the
large negative dispersion and the high birefringence for
the first time. The asymmetric rectangular core
surrounded by square-lattice double-cladding enabled
very flexible tuning of the negative dispersion and the
birefringence independently not only in the Er gain band
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but also in the Tm gain band. For optimized waveguide
parameters, the proposed PCF can simultaneously provide
an extremely large negative dispersion of -20,186
ps/(nm'km) and a high birefringence of 9.27 x 1073 and at
A=1.55pm in the Er gain band. The proposed PCF can
also provide a very large negative dispersion of -
8,067ps/(nm-km) and a high birefringence of ~1.0 x10- at
A =1.87um in the Tm band. The PCF can be used for
dispersion compensation in both optical communication
fiber links and pulsed fiber laser cavities in the dual band,
maintaining a high polarization selectivity, which can
open a new avenue of wavelength division of
multiplexing in the dual band and ultrafast mid-infrared
fiber laser source developments.

Acknowledgement: This work was supported by
National Research Foundation of Korea Grant funded by
the Korean Government (2015R1D1A1A01058057) and
Basic Science Research Program through the National
Research Foundation of Korea(NRF) funded by the
Ministry of Science, ICT & Future Planning (No.
2016k1A3A1A09918616) and the

Education(2018R1D1A1B07049349)

Ministry  of

References

[1] Lu, S., Li, W., and Guo, H., “Analysis of birefringent
and dispersive properties of photonic crystal fibers,”
Appl. Opt. 50, 5798-5802 (2011).

[2] Lee, J. H., Teh, P. C., and Yusoff, Z., “A holey fiber
based nonlinear thresholding device for optical
CDMA receiver performance enhancement,” IEEE
Photon. Technol. Lett. 14, 876-878 (2002).

[3] Knight, J. C., Birks, T. A., and Cregan, R. F., “Large
mode area photonic crystal fibre,” Electron. Lett. 34,
1347-1348 (1998).

[4] Birks, T. A., Knight, J. C., and Russell, P., “Endlessly
single-mode photonic crystal fiber,” Opt. Lett. 22,
961-963 (1997).

[5] Nielsen, M. D., Jacobson, C., Mortensen, N. A.,
Folkenberg, J. R., and Simonsen, H. R., “Low-loss
photonic crystal fibers for transmission system and
their dispersion properties,” Opt. Expr. 12, 1372-1376
(2004).

[6] Shen, L. P., Huang, W. P., and Jian, S. S., “Design and

OPTICS & PHOTONICS International Congress 2019

optimization of photonic crystal fibers for broad-band
dispersion compensation,” IEEE Photon. Technol.
Lett. 15, 540-542 (2003).

[7] Finazzi, V., Monro, T. M., and Richardson, D. J.,
“Small-core silica holey fibers: nonlinearity and
confinement loss trade-offs,” J. Opt. Soc. Amer. B 20,
1427-1436 (2003).

[8] Lee, Y. S., Lee, C. G, Jung, Y., Oh, M, and Kim, S.,
“Highly Birefringent and Dispersion Compensating
Photonic Crystal Fiber Based on Double Line Defect
Core,” J. Opt. Soc. Korea 20, 567-574 (2016).

Proc. of SPIE Vol. 11141 1114101-197



OMC-P-24

OPTICS & PHOTONICS International Congress 2019

Diffraction-free mapping of arbitrary modes from pump to probe beam via
coherent population oscillation in two-level system
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Abstract
We study an efficient way for diffraction-free mapping of multimode transverse profiles from one laser beam to
another laser beam. Both beams are mutually interacting with a system of two-level atoms moving in a hot vapor cell. The
two optical beams, namely, a weak probe and a strong control beam are counter-copropagating and driving same
transition of two-level atom. We show that two or three diffraction-limited Gaussian modes carried by pump beam can be
efficiently transferred to probe beam within a Rayleigh length. Such spatial transfer is attributed to pump field intensity-
dependence of both absorption and refractive index of probe beam. This method of information transfer may find

potential applications in all-optical imaging and lithography technologies.

Keywords: Diffraction, saturated absorption, all-optical imaging, lithography technologies.

I Introduction

Paraxial diffraction of laser beams poses a great
challenge in all-optical imaging, wave-guiding and
lithography techniques.! Diffraction, causing the
divergence of a laser beam, determines its size and shape
during its propagation in free space or in a medium. A
laser beam incident on an optical system such a circular
lens is also diffracted and thus, can not be focused into
desired spot.? This sets a fundamental limit to the
resolution of optical systems to resolve or create smaller
details.? The smaller is waist of output beam from a laser,
the quicker it diverges. It is possible to reduce or even
reverse the divergence of a laser beam by using a
nonlinear optical effect known as Kerr effect. In a Kerr
effect, the refractive index increases with the light
intensity and thus, creating a waveguide-like structure
similar to a graded-index fiber.> The light field remains
confined within the waveguide it has created and
propagates without changing its shape and size. This is
referred as self-focusing in which the nonlinear effect
induced by a laser beam balances its paraxial diffraction.
Spatial solitons of distinct shape are generated on the
same principle of self-focusing due to a strong Kerr
effect.® However, the Kerr effect is limited to high
intensity light beams propagating through conventional
nonlinear media.” Therefore, it is very important to search

a new class of optical medium that can produce optical
solitons at very low light intensities.?

Here, we propose a method to control the paraxial
diffraction of transverse multimode light fields in a
saturated absorption medium composed of gas atoms.*"!
In a such medium, two counter-propagating laser beams
(namely, a weak probe and a strong pump) originated
from a single laser beam are driving the same transition

of two-level atoms in a vapor cell.

II Atomic Model and Dynamical Equations

We consider a inhomogeneously broadened gas of ¥Rb
atoms. The atoms in a vapor cell are modelled as two
level system and driven by two counter-copropagating
optical fields, namely, a weak probe and a strong control
field. The dynamics of atom-field interaction is governed
by the standard master equation under the rotating-wave
approximation.”” The probe’s atomic coherence for
positive probe frequency is obtained from density matrix
equation under steady state condition and in weak probe
field limit. This coherence gives rise to complex
susceptibility (x). The real and imaginary part of
susceptibility  is responsible for the dispersion and
absorption of probe beam, respectively. The effect of
medium response on probe beam propagation in z-
direction can be observed by numerically solving the
wave equation in paraxial domain."
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IIT Results and Discussion

1. Probe’s susceptibility

We use multimode Gaussian-shaped pump beam profile
to spatially manipulate the probe’s susceptibility in
transverse direction.

,{,Lo-umwébmm\lm
x10°

Figure 1. Transverse variation of real part (a) and
imaginary part (b) of the averaged susceptibility in the
presence of the two focused Gaussian modes of pump
beam with input amplitude G, =1, waist radius wo =

100 pm and separation of 4wy.

In the presence of these two modes, Fig.1 depicts
spatial variation of the averaged susceptibility against
radial coordinate x at y = 0 plane. The pump field is
assumed to be at resonance, A=0. The common
parameters used in all curves for Rb D1-line transition
are chosen as: coherence decay rate I' = 0.5y, collisional
dephasing rate y. = 0.001, Doppler width Wp = 90y, and
atomic density N=1x10" atoms/cm®. Here, y is the
spontaneous decay rate of excited state. The real and
imaginary  components that correspond to refractive
index and absorption of the medium, are shown in
Fig.1(a) and Fig.1(b), respectively. From Fig. 1(a), it is
clear that the refractive index is maximized locally at
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higher intensity regions of pump beam and resembles two
parallel waveguide-like structures with cores (0.3 mm 2 |
x| 2 0.1 mm) and claddings (0.1 mm 2 [x| 2 0.3mm). This
gradient in refractive index is responsible for guiding and
focusing of probe beam and results in a smaller feature
size of probe beam. Similarly, Fig.1(b) shows that the
probe field is essentially transmitted at higher intensity
regions of pump beam due to formation of two
transparency windows centered in core regions of
waveguide. In the following, we use this inhomogeneous
susceptibility to illustrate the Diffraction-free imaging of
different transverse modes carried by pump beam onto a
plane wave probe beam.

2. Probe Beam propagation

Fig.2 shows the peak normalized intensity of both input
and output pump beam along with transmitted probe beam
after a propagation of 4-cm-long medium. The size of
individual peaks of imaged probe beam profile is
measured to be equal to 25 pm. We define a new
parameter called finesse as ratio of the spacing between
peaks to the width of peaks. Thus, the finesse of the
transmitted probe intensity profile is 4 times smaller than
the input pump intensity profile. We also find that the
spacing between two peaks of the transmitted probe
intensity profile can be controlled by changing focusing
position of intense pump beam inside the vapor cell.
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Figure 2. Peak normalized intensity profile of the
output imaged probe beam is compared with input and
output pump beam. The initial amplitude of probe
beam is set as gy = 0.1. All other parameters are same
as in Fig 1.
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Figure 3. Peak normalized intensity profile cross
sections of three Gaussian-modes of pump and imaged
probe beam at the output of 4-cm-long vapor cell. All

other parameters are the same as in Fig 2.

Next, we proceed to show the transfer of three
Gaussian-modes of pump beam onto probe beam.
The locations of the three peaks are chosen at x; = 0,
x; = 0.15 mm and x3 = —0.15 mm, as depicted by a
solid black line in Fig. 3. In this case, the individual
peaks are separated by a distance equal to 3w, which
is less a unit as compared to previous two modes. For
convenience, we consider that the individual peaks
have equal widths as before. The transverse variation
of the probe field susceptibility for three peaks is
similar to earlier case of two Gaussian-modes. Fig. 3
shows a comparison between input or output pump
and transmitted probe intensity profiles at the exit of
4-cm-long vapor cell. The width of transmitted probe
beam is measured to be 25 pm. This shows that the
finesse of the imaged probe is again 4 times smaller
than that of pump.

IV Conclusion

We have predicted diffraction-free transferring of
arbitrary modes carried by a pump beam onto a probe
beam. Our method is based on saturated absorption
technique arising in a two-level Doppler-broadened
atomic vapor system. On numerical simulation shows that
two or three Gauusian-modes profiles of the pump beam
are efficiently mapped onto the probe beam. Even though
the pump image is severely distorted after propagating
several Rayleigh length, the probe beam acquires the
multimode structure nicely. The feature size of the

OPTICS & PHOTONICS International Congress 2019

transmitted probe images is reduced by 4 times compared
to that of the original pump beam structure. The present
work opens the possibility in all-optical imaging
techniques and creating small structures in optical
lithography.
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Abstract
In the conference, it will be discussed what kind of simulating method is needed to calculate thermal lens effects,
especially for transmitting optical components in laser manufacturing machines, such as beam shapers. A finite element
method (FEM) is used for the thermal analysis, and a ray-trace based optical simulation is used for the optical analysis.
We developed a time-dependent simulating tool as a co-working system between these analyses. Furthermore, we
compared simulated results and experimental results, and good correlation is obtained. Finally, distortion with aberration

is calculated for a beam shaper.

Keywords: thermal lens effect, high power, beam shaping, analytical model.

I Introduction

There are lots of laser manufacturing systems using
high power lasers for cutting, welding, or drilling. During
these processes, optical elements such as focusing lenses,
beam shapers and protective windows in these systems
are heated by laser resources [1-2]. In a bad case, usual
glasses might be broken as soaring temperature, so pure
fused silica are often used as a material of these optical
elements.

Because silica has a low value of its heat transfer
coefficient, the temperature distribution in a protective
window made of silica is slowly modified depending on
the irradiating time. On the other hand, for good
productivity, high power lasers are turned on in a few ten
seconds as a process. Therefore, the temperature
distribution in optical elements is not saturated, before the
laser is turned off. So, a time-dependent simulation is
needed in order to simulate focal shifts, especially using
glass material for an optical wavelength band from
~1.0pm to ~0.2um.

In this paper, a time-dependent simulation is adopted
for calculating temperature distributions. Temperatures
are converted into refractive indices, so that the focal

shift is simulated in optical analysis based on ray tracings.

Analytical and Experimental results have a good
correlation.

II Analytical Model and Experimental Setup
1. Thermal lens effect

A schematic of the thermal lens effect is shown in
figure 1. Optical lenses or protective windows used with
high power lasers (>~100W of the average output) are
heated even if they have little absorption (<~100ppm of
the absorption coefficient). Heated lenses or windows
have a temperature distribution. Refractive indices are
able to be calculated as a product of dn/dT and AT, where
dn/dT is a coefficient to convert temperatures into
refractive indices and AT is temperature shift from a
reference. Therefore, lenses or windows become to have
index distributions, as apparent lenses.

Heated Lens
Having temperature distribution

;|

Focal Shift

Incident Beam

Real Focal Spot

Focal Spot with no heat

Figure 1. A schematic of thermal lens effect
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Figure 2. A flow chart of the analytical model

2. Analytical Model

The flow chart of thermal and optical simulations is
shown in figure 2. First of all, an initial model is made
optically. The Gaussian beam is usually used as an
incident beam, so the heat generation in thermal analysis
has a Gaussian distribution. Simulated temperature
distribution is converted into refractive-index distribution.
Finally, ray tracing with a graded index lens derives focal
shift amount.

3. Experimental Setup

Laser Head
(8kW-CW)

Sample
(Protective Window)

Measuring Device
(Ophir BeamWatch)
A

Figure 3. Experimental setup
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Figure 4. Results from analysis(dotted line)
and from experiment(solid line)

Figure 3 shows an experimental setup to measure focal
shifts. The Incident beam from the 8kW-CW fiber laser
head is focused with a focal length of 500mm. Samples
are  (50-5t) AR(Anti-Reflective)
protective windows whose material is a fused silica, and

various coated
are placed on an acrylic plate with a hole at 250mm from
the head.

The focal shift is measured with the BeamWatch™
which is a product of Ophir Optronics Solutions Ltd.[3].
A thermo-viewer is used to measure temperature
distributions. All experiments are prepared and conducted
at the Laser R&D Center in NADEX PRODUCTS CO.,
LTD. [4].

4. Accuracy of the Analytical Model

Results are shown in figure 4. Focal shift amount
against irradiation time is calculated as the dotted line and
measured as the solid line. Upper and lower lines are for
each sample with AR coatings which have lower
(60~66ppm) and standard (200~240ppm) absorption
coefficients, respectively.

Both lines have good correlation with each other. It is
reproduced how two kinds of AR coating effect to the
focal shift amount. Time-dependency is also met with
measured results. The accuracy of this simulation is
sufficiently confirmed.
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Aspheric Lens /’
as a Beam Shaper
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{Flattop Distribution])

Incident Beam
{Gaussian Distribution)
Figure 5. A conceptual diagram of a beam shaper.
Aspheric coefficients are designed for realizing a spot
with a flattop distribution from Gaussian beam.

IIT Results and Discussion

In the conference, simulated result of an aspheric lens
which is used as a beam shaper will be shown. Not only
focal shift but also aberrations and intensity profiles are to
be explained.

Figure 5 shows a conceptual diagram for a kind of
beam shapers. The incident beam has an intensity with
Gaussian distribution. The aspheric lens is designed here
for realizing flattop distribution as a focal spot. By the
way, beam shapers are for various spots such as ring or
turned-T shapes in order to realize welding with beautiful
beads or less sputtering.

With the thermal lens effect, simulated result from the
time-dependent analysis is shown as figure 6. The
wavefront is distorted at the exit pupil of the beam shaper.
Thus, flattop distribution is also distorted. With standard

(a) (b)

M

L 5 P
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AR coating, the homogenity gets worse from 2[%] to
10[%]. With low absorption AR coating, the homogenity
of 4[%] is to be. It is confirmed that adopting the low
absorption AR is valid for suppressing the thermal lens
effect as distortions of intensity distributions.
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Figure 6. Intensity distributions and their cross-sections of the output spots at 40sec. after turning on the laser.

(a) ideal with no heating, (b) standard AR, and (c) low-absorption AR.

Proc. of SPIE Vol. 11141 1114101-203



OMC-P-26

OPTICS & PHOTONICS International Congress 2019

Emission lifetime measurement of optically trapped single particles by

using stimulated emission

Syoji Ito*:, Shunsuke Okamotor, Kenji Setoura:, Hikaru Sotome*, Hiroshi Miyasaka:

:Division of Frontier Materials Science and Center for Promotion of Advanced Interdisciplinary
Research, Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560-8531,
Japan

Abstract

To detect excited-state dynamics in small area, fluorescence detection is a powerful approach because of its high
sensitivity even at the single-molecule level. Though TCSPC is a typical method for emission dynamics measurement under
optical microscope the temporal resolution is limited by the instrumental response time (ca. 50 ps). To attain higher temporal
resolution, we propose an approach not limited by the instrumental response time in the present study. We have
demonstrated emission lifetime measurement on the basis of pump-dump process of the excited state of a fluorescent dye
whose time resolution is in principle determined by the temporal duration of light pulse. The approach was successfully
applied to the emission lifetime measurement of dyes in single optically trapped droplets in water.

Keywords: optical tweezer, single droplet, fluorescence lifetime, stimulated emission

I Introduction

Photofunctional mesoscopic materials have been
attracting considerable attention and intensively studied in
the last two decades. There have been a wide variety of
demonstrations such as, organic nano/microcrystals
exhibiting photomechanical responses [1], semiconductor
nanoparticles with photocatalytic activities [2], plasmonic
particles as light-field enhancers for spectroscopy [3] and
efficient photothermal converters [4], etc.

For the rational design of photofunctional mesoscopic
materials, it is crucial to investigate ultrafast dynamics in
the electronically excited state by means of time-resolved
spectroscopic techniques with high temporal resolution.
Such mesoscopic photofunctional systems intrinsically
include microheterogeneity, the investigation at the single
particle level is therefore a powerful approach for
elucidation of their excited-state dynamics depending on
size, shape, and microscopic environment.

A common specimen for single-particle spectroscopic
measurement is individual particles immobilized on solid
surface or in transparent solid matrix. Meanwhile the
measurement of ultrafast excited-state dynamics of single
particles suspended in solution phase is rather difficult
owing to their Brownian motion. Optical tweezer is a

promising candidate to trap single particle at a certain
position in solution for single-particle spectroscopy.

To detect excited-state dynamics in such small area,
fluorescence detection is a powerful approach compared
with absorption spectroscopy. Fluorescence measurement
is a background-free detection leading to the high
sensitivity enabling the detection even at the single-
molecule level. Time-correlated single-photon counting
(TCSPC) is a typical method for time-resolved emission
detection under optical microscope. The temporal
resolution of TCSPC is limited by the instrumental
response time of a detection system including photon-
multiplier and other electronic systems. To attain higher
temporal resolution, a different approach not limited by the
instrumental response time is required. In the present study,
we have developed a method based on the pump and dump
process whose time resolution is in principle determined
by the temporal width of the light pulse so as to attain
higher temporal resolution of microscopic fluorescence
detection.

*E-mail: sito@chem.es.osaka-u.ac.jp
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II Experiment

1. Experimental setup

Two light pulses with different wavelengths were used
for the measurement. The first light pulse (pump pulse;
wavelength 400nm, pulse duration 100 fs) was used for
photoexcitation of samples. The second pulse (wavelength
800 nm, pulse duration 12 ps) was introduced after a time-
delay, AT, with respect to the first pulse. The second pulse
is used for deactivation of the excited state of sample
through stimulated emission. The 800-nm pulse was also
used for optical trapping of single particle. The emission
intensity of sample was measured as a function of the time
interval AT, providing the time profile of emission that was
reversely proportional to the emission decay curve of the
sample.

The temporal resolution of this measurement was
determined by the pulse duration of the dump pulse. The
detection efficiency is limited by the dumping efficiency
and the two-photon absorption cross section of sample.

2. Sample

As a sample for fluorescence lifetime measurement on
the basis of the pump-dump scheme under optical
microscope, we prepared ethanol solution of a fluorescent
dye, 4-(2-(6-(Dibutylamino)-2-naphtalenyl)-ethenyl)-1-(3-
(Di-4-
ANEPPS). To demonstrate emission lifetime measurement

sulfopropyl)-pyridinium hydroxide inner salt
of single optically trapped particles, we also prepared

microdroplets of chloroform containing LDS722

suspended in water.

IIT Results and Discussion

Figure 1 shows the time profile of the fluorescence
signal of di-4-ANEPPS in solution measured with the
present method. The time constant of the decay is
determined to be 311 ps; this value is in very good
agreement with the fluorescence lifetime obtained by the
TCSPC  method. This
demonstrates the validity of the present approach.

The plot in figure 1 shows that when the delay time is

conventional agreement

slightly negative, the integrated emission intensity decays
at approximately 30 ps, which was obtained by analyzing
the time when the intensity decreases from 90% to 10%.
method is

Since the temporal resolution of this

OPTICS & PHOTONICS International Congress 2019

approximately 10ps, the decay time is sufficiently longer
than the pulse width of the dump pulse.

Furthermore, we applied this technique to measure
emission lifetime of a dye, LDS722, in a single
microdroplet of chloroform optically trapped in water. The
emission lifetime of the dye in the trapped single droplet
showed very good agreement with that in bulk solution.
This demonstrated the validity of the present approach for
track the excited-state dynamics in single particle
suspended in solution.
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Figure 1. The time profile of integrated emission
intensity of Di-4-ANEPPS in chloroform measured by
the present pump-dump method (open circles). The

solid curve in the plot is the analytical result.
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Abstract
Metalens are composed of designed subwavelength nanostructures at an interface which can control the properties of
incident light. Here we demonstrated a GaN metalens array to project a light spots array which can be a light shape
generator in the structured light applications. The distance between two light spots is a function with the distance of target.

A 10 x 10 achromatic metalens array which arranged by the single metalens diameter is 20 um. The advantages of this

metadevice is light weight, small, ultrathin, durable and easy to compact with other device. Our design provides a new

avenue for the structure light application such as distance sensing and 3D environmental construction.

Keywords: Metalens, Structured light, distance sensing.

Introduction

Metalenses consist of a large number of optical
nanoantennas capable of focusing the incoming light
wavefront [1-7]. Metalens have great ability in light
exhibit
applications. A

focusing and can be tailored to varied

functionalities in ultrathin optical
metalens is realized by using integrated-resonant unit
elements whose geometric phase are combined with
phase

compensation from integrated-resonant unit

elements. Metalens are composed of designed
subwavelength nanostructures at an interface which can
control the properties of incident light. Here we
demonstrated a GaN metalens array to project a light
spots array which can be a light shape generator in the
structured light applications. The distance between two
light spots is a function with the distance of target. A 10 x
10 achromatic metalens array which arranged by the
single metalens diameter is 20 um. The advantages of this
metadevice is light weight, small, ultrathin, durable and
easy to compact with other device. The working
wavelength is cover all visible and can be extent in to the
near infrared region. Our design provides a new avenue
for the structure light application such as distance sensing
and 3D environmental construction which can make us

live better.

Results and Discussion

For the experiment setup, we use a 532 laser
irradiated on the 60 x 60 achromatic metalens array and a
20x objective was used to collected the focused spot from
the achromatic metalens array in transmission. A Screen
was placed behind the objective and set several distance
from the metalens array. Figure 1 shows the photographs
of light focused spots array on the screen with distance
from 30 cm to 80 cm. The size of 10 x 10 light focused
spots array was increased with the distance was increased.
To quantify the experimental results, we measured the
separation between two spots on each photograph as
shown in Figure 2. When the real distance was set from
30 cm to 90 cm, the separation between two spots was
from 47

increased pixels to 103

pixels.

rr
i
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Figure 1. Photograph of light focused spots array on H. Wang, R.-M. Lin, C.-H. Kuan, T. Li, Z. Wang, S. Zhu
the screen with distance from 30 cm to 80 cm. and D. P. Tsai, Nature Nanotechnology 13, 227 (2018).
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Figure 2. Measurement results of separation of light
focused spots array corresponding with real distance

between metalens array and target.
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Abstract

This work discusses theoretical results of the investigation of light beams that have their intensity structure during
propagation defined by non markovian distribution of phases on the Fresnel zone plate (FZP) framework. Through the
probability density function (PDF) of intensity events on the FZP focal plane, a remarkable deviation from the Rayleigh
distribution of a markovian distribution of phases is established for these other stochastic cases. Experimentally all
computed cases are reproduced using the wavefront shaping displayed on a spatial light modulator (SLM) considering the
resolutions of this device and from the acquisition camera. Such extreme events observed for a linear superposition of
waves are of general interest for optical systems, since further amplification of the observed structured intensity profiles

within gain media have to be carefully considered.

Keywords: wavefront shaping, diffraction and scattering, image forming, beam characteristics, extreme events.

I. Introduction

For centuries, sailors and fishermen have told tales
of “freak”, rogue waves (RW) that can peak more than
30m above the surface appearing from nowhere and
disappearing without a trace. These gigantic oceanic
rogue waves are the most known example of rare
high-amplitude events called extreme events. Such
events are not restricted to the ocean, but are also
observed in many other physical systems. In the past
decades, an increasing number of studies have been
dedicated to extreme events in various systems [1, 2].

Systems featuring extreme events can be identified
by their characteristic long-tailed distribution of the
wave height. Conventional statistical models accounting
for describing the height of ocean waves (for example,
Gaussian or Rayleigh) suggest that ocean RW’s should
only be observed one time in centuries, which
contradicts the observations. In fact the height of ocean
waves follow a “L-shaped” statistic, i.e., most waves
have small amplitudes and high-amplitude events far
from the median are also observed with low probability,
but more frequently than previous models predicted [3,
1]. Extreme events have been quantitatively identified
in a number of different ways. A common way to define
a rogue wave by the abnormality index, which is the
ratio between the height of the wave and the average
wave height among one-third of the highest waves.
Every event whose abnormality index is larger than 2 is
considered a rogue wave (/,,//,,; >2). RW can also be
defined based on the standard deviation (o) of the

distribution for wave heights, i.e., how its height
deviates from the average. These definitions have the
advantage of being precise and the drawback of being
quite arbitrary, although it has been applied in several
studies [1, 2].

In optics, the more accessible information is not the
field amplitude, but rather the light intensity. A
statistical analysis can be made computing a histogram
of the intensity peaks and RW are identified according
to a chosen definition. The mechanisms that form a
extreme event are still actively studied, it has been
showed that they can be associated with different
effects: from linear effects such as directional focusing
to nonlinear effects associated with the growth of
surface noise forming localized wave structures [1].

It is possible to control the emergence of extreme
events in a light beam through wavefront modulation, a
powerful and flexible tool to generate light with specific
profiles and apply to study new systems. The
modulation form employed here is based on the linear
superposition of a Fresnel zone plate (FZP)
construction, which is ordinarily used to focus light. A
FZP consists in several radially symmetric zones of
equal area, a binary phase alternating between 0 and &
being is assigned to each zone. The zones are spaced
such that all the point sources at the plate constructively
interfere at the focal plane. Conventional FZP as the
one described above is completely coherent case. By
drawing the phases randomly through the plate
following a markovian process a completely incoherent
pattern can be produced.

Proc. of SPIE Vol. 11141 1114101-208



OMC-P-28

Figure 1. a) Conventional FZP. b) Completely
incoherent phase pattern, with markovian draw of
phases.

I1. Modified Fresnel zone plate

In this work we introduce a phase pattern based on
the FZP, designed to produce a light beam with a null
central intensity along the propagation axis, while
carrying non-markovian properties in two dimensions.
To generate the null intensity center we rely on the
principle of the FZP, except that in this case we produce
a destructive interference. This can be achieved
dividing each zone in angular regions of equal area and
of different phases, ensuring that once a region receives
a phase ¢, another region in the same zone receives a
phase @+n. Therefore we guarantee the same amount of
point sources with opposite phases and the geometry of
the phase pattern makes certain that the destructive
interference occurs at the center, along all the
propagation axis. The phase of each region are drawn
following a non-markovian criteria such that we have
the same portion of each phase in both radial and
angular directions. An example of phase pattern is
shown in Figure 2, the pattern presents 8 phase levels
distributed in 32 regions and 32 zones.

117/8
107/8
97/8
T

37/8
27/8
/8
0

Figure 2. Phase pattern of a modified FZP with a
non-markovian draw of phases. This phase pattern has
8 phase levels assigned in 32 zones and 32 regions.

We also investigate some variations of this pattern
where we introduce more correlation to the drawn,
separate the group of phases in two sub-groups (the first

OPTICS & PHOTONICS International Congress 2019

and the third quadrant) and proceed to draw without
mixing them. Since the two dimensions are
independent, we can compare cases without this
separation with cases presenting one dimension divided
(testing one dimension at time) and cases with the two
dimensions divided. We also analyze the case of
modified FZP presenting a markovian drawn that does
not requires the destructive pairs.

Figure 3. Variations of modified FZP with a) only
radial sub-division, b) only angular sub-division, c)
both dimensions sub-divided and d) markovian draw
of phases in both dimensions. These phase patterns
have the same 8 phase levels assigned in 32 zones and
32 regions.

I11. Intensity profile

We numerically simulate the propagation of a light
beam modulated by the phase pattern described above.
Here we analyse the intensity at a distance from the
mask corresponding to the focal plane of the equivalent
FZP, which is a well known plane for the coherent case.
Figure 4 presents the average intensity distribution after
100 realizations with differents draws for each case of
correlation. A dark spot can be observed at the center of
the beam for cases with non markovian draw of phases,
as well as intense events close to this spot. This is a
characteristic of extreme events, it has been showed that
RW often appears accompanied by ‘“holes”, i.e. deep
vales occurring close to the largest crest [4].

All numerical parameters were chosen to reproduce
the experimental conditions present in our setup.
Briefly, we illuminate a SLM (Spatial Light Modulator,
1024x768) with the collimated beam of an expanded
beam of a 405 nm laser. The propagated profile is
registered with a CMOS (1280 x 960) camera. Phase
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values associated to grey image levels are directly sent
to the SLM, displaying the modified FZP’s. So far we
reproduce all simulated images with an exceptional
quality, limited to the resolution of these devices.

a) b)

Figure 4. Average intensity profile of beam modulated
by a) completely incoherent phase pattern, by
modified FZP’s with non-markovian draw b) without
sub-division, ¢) only radial sub-division, d) only
angular sub-division, €) both dimensions sub-divided
and f) markovian draw of phases in both dimensions.

IV. Results and Discussion

The intensity profile of light beams modulated by
these phase pattern obeys a “L-shaped” statistic, as
expected for systems presenting extreme events. When
comparing its probability density functions (PDF) to a
negative exponential, characteristic of the Rayleigh
distribution, one can establish how much each case
deviate from a completely markovian case, allowing to
identify which case of phase distribution favours the
emergence extreme events.
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Figure 5. Probability density function (PDFs) for
intensity profile of the described cases in figure 4, in
the presented order. The red line denotes a negative
exponential fitting, which is a signature of Rayleigh
statistics.

The completely incoherent (markovian) phase
pattern leads to a intensity distribution following a
negative exponential, which is a signature of Rayleigh
statistics [5]. Deviations from the Rayleigh statistics can
be observed in all tested cases of modified FZP. Such
deviations can be attributed to the structural
organization of the pattern, even when the phase
distributions presents a low correlation, suggesting that
the FZP phase relation is not completely lost by the
modifications and some constructive interferences still
occur close to the center, as illustrated in Figure 4.

We observe that the correlation level of the phase
distribution is not the only characteristic that affects the
deviation from Rayleigh's statistics, and therefore the
probability of emergence of extreme events, the
dimension which presents the correlation is also
important. Increasing angular correlation results in
greater probability and events with higher intensities, on
the other hand the deviation is reduced when radial
correlation is increased. Such dependence can be

Proc. of SPIE Vol. 11141 1114101-210



OMC-P-28

understood by recalling the conventional FZP, where
two successive zones have a phase difference of m.
When the phases were divided in first and third
quadrant and organized with a radial correlation,
implying that four successive zones will have a phase
from the same quadrant the constructive interference
does not occur as in the FZP, leading to lower
intensities. On the other hand, a less correlated case has
more chances to presents two successive zones with a
phase difference of approximately m, presenting more
constructive interferences, and hence higher intensities
close to the center. A similar argument can be used to
explain the case with high angular correlation and low
radial correlation. In this case four successive regions of
the modified FZP have phase in the same quadrant, e.g.,
0 to /2. Consequently the next four zones of the FZP
have phases from the opposite quadrant, here from =« to
3n/2. This composition resembles slices of FZP's, which
produces intense spots organized angularly and close to
the center.

V. Conclusion

Non markovian processes and related byproducts,
e.g., phase profiles on optical elements, are ubiquitous
in nature and in manufactured products. Therefore the
structured phase waveforms and the corresponding
intensity profiles analyzed in this work provides the
comprehensive portrait of how a linear stochastic
process may generate optical extreme events. Through
statistical analysis we also provided some insight of
how the relation between phases affects the emergence
of extreme events.
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Abstract
We investigate a superfluorescence of emitters, which are coupled with metallic optical antennas. Superfluorescence is
a phenomenon in which high-density emitters in a population inversion state spontaneously form a macroscopic dipole
moment through a radiation field and spontanecously emit a pulsed light. We find that the correlation between the emitters
is drastically enhanced by a localized surface plasmon of the optical antenna. In addition, when the conditions such as the
metal structure and the emitter position are changed, the behavior of the superfluorescence is affected.
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I Introduction

When high-density quantum emitters are in population
inversion state, their polarizations come to be correlated
with each other through radiation fields. By this process, a
large number of the quantum emitters spontaneously form
macroscopic and a

dipole moment, synchronized

photoemission (superfluorescence) occurs.
Superfluorescence has three main features. The first is that
the peak of the emission intensity is proportional to the
square of the number N of the quantum emitters. The
second is that the pulse width of the emission is
proportional to I/N. Third, the coherence and the
directivity exist in emission [1].

Conventional theories of superfluorescence consider all
the emitters to exist within the same phase of the radiated
light. On the other hand, we have recently developed a
theory to analyze the emission time profile of arbitrarily-
positioned emitters in arbitrary environment [2].

As is mentioned above, in order for superfluorescence
to occur, it is necessary for the quantum emitters to grow
the correlation through the radiation field. Meanwhile,
when the metallic optical antenna is irradiated, the
localized surface plasmons are excited, and the effective

electric field is enhanced. By arranging the quantum
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emitter nearby the antenna, the correlation between the
quantum emitters may be enhanced due to the correlation
between the quantum emitters and the metal optical
antennas. On the other hand, because the correlation
between the quantum emitters grows due to Purcell effect,
it may be attenuated before superfluorescence occurs.
Therefore, it is considered that these two effects compete.

Here, we consider a system combining the quantum
emitters and the metal optical antenna, and calculate the
time profile of the fluorescent intensity. In particular, we
examine the change of enhancement by calculating the
emission intensity for various metal structures and
emitters' position.

II Theory
For calculation of superfluorescence in the dispersed
particle system, the following Hamiltonian was used from

(2].

N
A= Z hawolooly + Z j dkharb, b
i A

—fdridi-ﬁ(r) (1)

The operator of,, o¢; mean the ladder operators, by, by
mean the creation and annihilation operator. A means the
polarization direction, X means wavenumber. hw;, hwy
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mean the energy of the two level system and photon. d;
means the dipole moment, E(r) means the electric field.
The intensity of superfluorescence describes by

a
np(®) = ) [ dik(blybin) @)
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€0 &
i

N N
+ hie(,z Z Im[d; - G(x;, 1y, ;) - di{ofpayy)],

i#j j#i (2)
where the operator G is the dyadic green function.
This function contains the position of the particle and the
spatial information. Then, for convolving the spatial
structure information, we used the numerical calculation
method, which is described by the equation as,
G(r,r',w) = Go(r,r', w)

+ f dr'"Go(r, r", ) Ymeta (", ) G(r", 1’ @). ()

In order to numerically calculate G, the discrete dipole
approximation (DDA) was applied by deforming as
follows [3], [4].

0 _ 0
Gij = Gij — ZVGU’XJ’GJ’J'
'

Z(%"I =V Giy )Gy
]'I

= D Ay 4)
]'I
This makes it possible to calculate G for arbitrary shapes

and conditions. We solve the problem as a simultaneous
linear equation of G in each points.

III Results and Discussion

We calculate the time profile of the fluorescent intensity
in the condition that, when a metal plate (Au, 30*30*5
nm?) and 15 emitters are arranged as shown in Fig.1. Here,
the emitter radius is 1 nm, and the resonance energy is 1.4
eV. The susceptibility of Au is given by the Drude model.
The spacing between the metals is 12.7 nm, whereas the
spacing between the emitters is 2.82 nm. For comparison,
the calculations are also done when 15 emitters are not
evenly spaced.

The calculated result is shown in Fig. 2. We can see that,
when the emitters are evenly spaced in the gap region, the
fluorescent intensity dramatically increases. Its time profile
has the feature of superfluorescence. On the other hand,
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Metal nanostructure (Au)

15 emitters

Figure 1: The metal nanostructure and 15 emitters.
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Figure 2: Fluorescent time profiles of the quantum emitters in
one gap. T is the radiative lifetime of the emitter in vacuum. I is

the initial value of intensity of one emitter in vacuum.

when emitters are not evenly spaced, the feature of
superfluorescence does not appear though the strong
Purcell effect occurs. Therefore, these results imply that the
enhancement the inter-emitter correlation nearby the
optical antenna strongly depends on the emitter spacing
even though all the emitters lie within a few ten nanometer
radius.

IV Summary and Outlook

We have
superfluorescence occurs when quantum emitters are

shown that a giant enhancement of
coupled with optical antennas. The spatial configuration of
the emitters strongly affects the enhancement of the
cooperative effect in the superfluorescence. The present
result will open new possibility and potential of quantum
emitter ensemble coupled with optical antennas as high-
efficient luminous materials.

Proc. of SPIE Vol. 11141 1114101-213



O M C'P'29 OPTICS & PHOTONICS International Congress 2019

References

[1] Dicke, R. H., "Coherence in spontaneous radiation
processes." Physical Review 93, 99, (1954).

[2] Yokoshi, N., Odagiri K., Ishikawa, A., and Ishihara,
H., "Synchronization dynamics in a designed open
system." Physical Review Letter 118, 203601, (2017).

[3] Purcell, E. M. and Pennypacker, C. R., "Scattering and
absorption of light by nonspherical dielectric grains."
Astrophysical Journal 186, 705, (1973).

[4] Hoshina, M., Yokoshi, N., Okamoto, H., and Ishihara,
H.,  "Super-resolution trapping: A  nanoparticle
manipulation using nonlinear optical response." ACS
Photonics 5, 318-323, (2018).

Proc. of SPIE Vol. 11141 1114101-214



O M C'P'?)O OPTICS & PHOTONICS International Congress 2019

Generation of pure vector field from the interference of two ellipse fields
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Abstract
In this article we show that the interference of two three beam pairs can lead to generation of lattice of V-points.
Interestingly each three beam pair is embedded with C-points and V-points but their resultant field is embedded with only
V-points. A careful observation reveals that interference of a right handed C-point (star) with a left handed C-point (star),
both oriented in the same direction, results in a linear polarization. But the interaction between two similar V-points leads
to same V-point. The resultant field is embedded with the lowest order generic V-point singularities.
Keywords: Singular optics, polarization singularity, interference, optical vortices, stokes vortices

1. Introduction vectors and electric field vectors corresponding to these
interfering beams are taken as given in ref!®, The
In recent times spatially varying polarization distributions propagation vectors of all the interfering beams have
embedded with polarization singularities (C-points and V- same z-component as shown in Fig. 1(a).

points) are widely studied among the scientific
communities. These are isolated points where some of the
parameters  related to  polarization ellipse is
indeterminate!>,  C-points and V-points are the
singularities in the ellipse and vector fields respectively.

Unlike V-points the C-points can occur at any value in the

intensity distribution. The neighborhood polarization
distributions around the singularity helps in distinguishing
the types of polarization singularities. For example the

intensity is zero at the singularity for both V-point and

dark C-point but the neighborhood polarization Fig. 1: (a) Schematic representation of wave vectors of
distribution is linear for V-point and elliptical for dark C- the interfering plane waves; (b) radial orientation of
point. A C-point can be left or right handedness. Recently the electric field vectors in the transverse plane.

it is shown that interference of three or more vector beams
can be used to generate array of these singularities®!?. We
extend this idea to interference of two three vector beam
interference pairs to generate pure vector field
distributions embedded with lowest order generic V-point
singularities.

2. Three beam Interference

We have taken two pairs of three axially equidistant non-
coplanar linearly polarized plane beams whose electric 100 200 300 400 500
field vectors are oriented in a desired fashion for the

. . . . Fig. 2: Simulated transverse intensity distribution.
formation of C-point-V-point lattice structure. The wave
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The radial orientation of electric field vectors are
shown in Fig. 1(b). Beams (1, 3, 5) and beams (2, 4,
6) correspond to two three beam interference pairs.
The total transverse intensity for the resultant field
corresponding to beams (1, 3, 5) and beams (2, 4, 6)
is shown in Fig. 2. Here both the three beam pairs
correspond to same total intensity distribution.

Normalized Stokes parameters (So, Si, S», S3) are
widely used to describe the spatial distribution of states of
polarization in an optical field'!'2. Spatially varying
polarization distributions embedded with singular points
can be understood from the complex Stokes fields, which
are constructed from the normalized Stokes parameters. In

the complex Stokes field S, =S, +iS, , constructed

from S, and S, , the lowest order C-points and V-points

appear as phase vortices of

charge =1 and +2 respectively.

topological

3. Results and Discussion

The Stokes phase distributions and Stokes intensity
distributions corresponding to two three beam pairs are
in Fig. 3(a) and Fig. 3(b)
Interestingly both the three beam pairs gives same Stokes
phase as well as Stokes intensity distributions. In the

shown respectively.

Stokes phase distributions the C-points and V-points are
appear as phase vortices of charge -1 and +2 respectively.

500

450
400

350
300

250 0

200

100 200 300 400 500 100 200 300 400 500

Fig. 3: Simulated a) Stokes phase distribution and b)
Stokes intensity distribution.

Surprisingly the locations of C-points and V-points
remains same in both the three beam interference pairs.
The polarization distribution corresponding to the
resultant field of the interference of beams 1, 3 and 5 is
shown in Fig. 4. Polarization distribution corresponding
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to the resultant field of beams 2, 4 and 6 is shown in Fig.
5. In both the polarization distributions (Fig. 4 and Fig. 5)
the right handed and left handed C-points are marked by
red and blue colors respectively.
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Fig. 4.  Simulated distribution

corresponding to the interference of beams 1, 3 and 5.
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Fig. 5: Simulated polarization  distribution

corresponding to the interference of beams 2, 4 and 6.

By comparing Fig. 4 with Fig. 5 one can see that the
handedness of C-points, located at the same positions in
both the distributions, opposite to each other. When we
interfere all these six beams (interfering these two three
beam pairs) the resultant polarization distribution turns
out to be purely vector field (only spatially varying linear
polarizations). The resultant of two opposite handed C-
points, oriented in the same direction, leads to linear
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polarization, whereas the interference of a V-point with
similar V-point remain as the V-point. So in case of six
beam interference the resultant field is embedded with
only V-points as shown in Fig. 6. The resultant intensity
distribution and Stokes phase distribution corresponding
to the six beam interference are shown in Fig. 7(a) and (b)
respectively. Here the resultant field is infested with V-
points of opposite polarity but same Poincare Hopf

indices.
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Fig.  6: Simulated polarization  distribution

corresponding to six beam interference.
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Fig. 7: Simulated a) intensity b) Stokes phase

distributions of six beam interference.

4. Conclusion

In conclusion we have shown that the interference of two
three beam pairs can lead to generation of lattice of V-
points. Interestingly both the three beam pairs are
embedded with C-points and V-points but their resultant
field is embedded with only generic V-points. The
interference of two opposite handed C-points, both
oriented in the same direction, results in a linear
polarization. We expect that such polarization lattice
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structure may lead to novel concept of structured
polarization illumination methods in super resolution
microscopy.
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