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Abstract

Optical trapping of organic or polymeric micro- and nano-structures provides
information on how their molecular configuration is optically manipulated or how their
dynamical motions are controlled by the focused laser beam. This thesis covers both ideas of
optical  trapping-induced  molecular — configuration in  micro-sized individual
4’-n-pentyl-4-cyanobiphenyl liquid: crystalline droplets’ by tightly focused continues wave
laser beam and dynamical motions of 50-nm-sized polystyrene beads by femtosecond pulsed
laser beam.

We explore the reconfiguration in liquid crystal droplet under the irradiation of
tightly focused cw laser beam. We show that reconfiguration took place throughout the inside
of droplet, and the threshold power of the phase transition depends on droplet size. We
propose that the droplet reconfiguration takes place when optical reorientation at the focal
volume overcomes the droplet-liquid interfacial anchoring effect. By considering interaction
energy of liquid crystal droplet by electric field and introducing liquid crystal droplet

interfacial anchoring effect, we succeeded in building a model which can indicate the
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dynamic change depending on size.

The dynamic motions of the 50 nm-sized polystyrene beads impinged by

femtosecond pulsed laser beams show the polarization-controlled scattering in two opposite

directions, in alternating manner, perpendicular to the laser polarization. To understand this

new phenomenon we reconsider Lorentz force acting on a dielectric spherical nanoparticle

due to interactions between light electric field and induced dipole moment of the polarizable

dielectric sphere. We take axial and lateral electric fields into account produced by high

numerical aperture objective lens. The axial electric field is responsible for lateral components

of the scattering and temporal forces, and hence, controls the scattering directions of the

Rayleigh particles. These findings provide important information about the dynamic optical

trapping of the Rayleigh particles by highly focused ultrashort laser pulses.
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CHAPTER 1




The interactions of light with matter result in many fascinating phenomena. Over a

long history of investigation of such interactions, the researches nowadays have arrived at

nanometer scale of target material, a dimension much smaller than the wavelength of utilized

light. One of the fascinating ideas in optics is the use of light to trap atoms and small particles

[1,2]. This so called optical tweezers or optical trapping technique has already proven to be an

essential tool in physics, biology, and chemistry [3,4]. Among the interesting applications of

this technique in fabrication and characterization at the nanoscale [5], in such a thriving field

of research over the past 40 years the laser trapping-induced crystallization of amino acids has

generated attentions as a model for.three-dimensional-molecular rearrangement by focused

laser beam [6-10]. The basic concept of the optical trapping is the generation of gradient force,

as illustrated in Figure 1.1 that the incident light-is refracted through the particle, leading to

the change of momentum of the photons. According to the conservation of momentum, a

gradient force is exerted on the particle in the direction to the beam center [11].
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Figure 1.1 The optical forces acting on particle performed by momentum transfer of photons.

This thesis attempts to -understand-molecular reconfiguration inside microparticles

trapped by focused laser beam as well-as. to-explore the novel trapping phenomena of

nanoparticles by ultrafast laser pulses. For the earlier attempt, liquid crystal droplets with soft

and reconfigurable molecular organization properties were used as the target material

optically trapped by continuous wave-mode laser beam. Though the researches on the liquid

crystal droplets by focused beam have been started a few years ago, most researches

employed the laser power and optical condition below those necessary to induce a laser

trapping crystallization similarly to the amino acids [12-15]. Thus, in this work, the trapping

behavior was studied in a wide range of laser power tightly focused by a high numerical

objective lens. For the latter attempt, 50-nm-sized polystyrene beads suspended in water were



the target material, and femtosecond pulse-mode laser beam was used as the trapping beam

substituting the traditional continuous wave laser. We note that in the beginning of ultrashort

pulsed laser trapping was started, the laser pulse trapping was believed to be as just effective

as cw laser trapping of microparticles in particular [16]. Indeed, when picosecond pulse-mode

laser beam was finally shown to be able to trap less-than-5-nm sized CdTe quantum dots in

2007, optical trapping experiments with laser pulses started to attract more and more attention

with many questions still to explore. More recently, research works on the ultrashort laser

pulse-induced trapping behavior of nanoparticles provide several excellent phenomena, for

instance, the control of crystalline properties and dimensions of nanodeposits of 25-nm-sized

CdS particles [17] and the split of trapping site of gold NPs into two equivalent positions

shifted from the focal center [18]. These findings-highlight the advantages of pulse- over

cw-mode laser beam in trapping ability and control on Rayleigh particles.

However, such fundamentally different behaviors of the three-dimensional optical

trapping with the laser pulses to the cw laser also require theoretical elucidations, because the

new phenomena are beyond the concept of conventional optical trapping. Thus, for a

quantitative explanation we should rely upon the scattering theory of electromagnetic

radiation, reexamining gradient, scattering, and temporal pulse-radiation forces, which are

respectively related to spatial Lorentz force [19,20], momentum transfer from light to the

dielectric NPs, and instantaneous Lorentz force throughout a pulse envelope. The scattering



cross section value of the nanoparticles was obtained based on Mie theory [21].

In Chapter 2 we describe the polarization- and droplet size-dependence of laser

trapping-induced reconfiguration in individual radial symmetric liquid crystalline

micro-droplets suspended in water. We found that the optical trapping of the droplet is indeed

followed by a molecular reconfiguration, which takes place only when laser power density is

above a definite threshold level. The relevant qualitative theoretical approximation is

described based upon a likely mechanism of the molecular reconfiguration inside the droplet

that involves local optical reorientation at focal volume when the interaction energy of liquid

crystals with dielectric anisotropy aligned by the “electric field of the focused laser beam

exceeds Frank distortional energy-With this proposed mechanism, we show that the predicted

dependence of the threshold power on the droplet-size is in qualitative agreement with the

experimental observation.

Chapter 3 discusses femtosecond laser pulse trapping behavior of polystyrene

nanoparticles. The main focus of this chapter is laser pulse trapping behavior in comparison

with the cw mode. We found that the laser pulses can trap a larger number of nanoparticles. In

addition, the laser pulses induce nanoparticle flows out of the focal spot in two opposite

directions, in an alternating manner, controlled by the laser polarization. We evaluate both

gradient, scattering, and temporal forces by adopting Lorentz force of fundamental Gaussian

beam exerted on Rayleigh particles, and by applying scattering cross section value of the



nanoparticles obtained based on Mie theory. We demonstrate that the lateral and axial electric

fields produced by the high numerical aperture objective lens are responsible for the present

novel phenomenon.

In Chapter 4 we conclude some important findings of the research works in this

thesis, and provide the future outlooks of this research works, which already start to open new

vistas for controlling the molecular reordering and reconfiguration of micro-droplets by the

cw laser trapping, controlling dynamical motion of nanoparticle assembly by ultrafast laser

pulses. The latter finding, in particular, is considered to be applicable for separation and

sorting of nanoparticles with either different polarizabilities or scattering cross sections. Thus,

the future research works will open more horizons and possible applications to be realistic.
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CHAPTER 2

Polarization and Droplet Size Dependences of Laser

Trapping-Induced Reconfiguration in Individual Radial

Symmetric Liquid Crystal Micro-Droplets



1. Introduction

Optical trapping technique utilizing a tightly focused continuous-wave (cw) laser

beam allows one to manipulate micron- or a few tens of nm-sized objects with a high

precision [1,2]. Therefore, this technique becomes indispensable and has been widely

employed to control the deposition of dielectric particles [3,4], as well as to induce optical

manipulation on single cells [5], polymers [6,7], micelles [8], J-aggregates [9], and amino

acids [10,11]. In particular, the optical trapping of glycine, the simplest amino acid, dissolved

in water leads to nucleation and growth of.its single crystal [10,12] with its polymorphs being

controllable by the laser power <[13,14]. Such a three-dimensional molecular alignment

accurately driven by a focused-light. is of interest for both fundamental sciences and

applications. This finding also implies--migration: of molecules or clusters from the

surrounding area to the focal spot as well as cooperative molecular realignment, and such

effects have been demonstrated for gold nanoparticles and liquid crystal (LC) thin film by the

focused laser beam [15-17].

The laser trapping-induced optical realignments have also been revealed in

spherical LC droplets with various kinds of self-organized configurations depending on

droplet-liquid boundary conditions in the medium they were dispersed [18-24]. Typically, the

laser trapping beam can induce reconfiguration in radial nematic LC droplets, leading to

conoscopic structures and spinning of the birefringent droplets due to angular momentum



transfer [20,23]. Similar phenomena were also observed for optically trapped bipolar nematic

[18,19] or cholesteric LC droplets [21,22]. In the latter case, in particular, the rotation is

accompanied by a distinct vertical motion of the droplet in the optical trap [21,22]. By

contrast, at the similar level of laser power, molecular reconfiguration inside smectic LC

droplets has never been observed, although the laser trapping beams can induce axial and

lateral repositioning leading to wobbing rotation of the trapped droplets when the laser beam

is circularly polarized [25]. Lamellar organization of LC molecules inside the droplets has

been considered to induce large elastic rigidity, preventing the light-induced molecular

reconfiguration inside the droplets {24,26]. Measuring rotation frequency of the optically

trapped droplet and polarization change of the laser beam passed through the micro-sphere

allow one to determine the viscosity of surrounding-media precisely [27,28].

Recently, we have reported laser trapping behavior of radial symmetric

4'-pentyl-4-cyanobiphenyl (5CB) liquid crystalline micro-droplets dispersed in heavy water

(D20) under highly focused near-infrared cw laser beam [29]. In our experiments, we found

that the optical trapping of the radial symmetric droplet is indeed followed by a molecular

reconfiguration, which takes place only when laser power density is above a definite threshold

level. Here, we report in some detail a qualitative understanding of the experimentally

observed reconfiguration by considering that the threshold and the dynamics of the

reconfiguration depend on the droplet size and polarization state. The findings indicate that

10



likely mechanism of the molecular reconfiguration inside the smectic LC droplet involves
local optical reorientation at focal volume when the interaction energy of LCs with dielectric
anisotropy aligned by the electric field of the focused laser beam exceeds Frank distortional
energy, followed by reconfiguration inside the confined droplet. With this mechanism, we
show that the predicted dependence of the threshold power on the droplet size is in qualitative

agreement with the experimental observation.
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2. Experimental

2.1 Optical setup

The experimental setup is shown in Figure 2.1. A continuous wave (cw) 1064 nm
Nd:YVO, laser beam (Spectra Physics; J201-BL-106C) was focused into the sample cell, held
on the stage of an inverted microscope (Olympus 1X71). The beam was focused by an
UPlanApo oil immersing objective lens (magnification 100 times and numerical aperture
(N.A.) 1.35). After passing through the power adjustment, the laser beam was expanded and
collimated to about 7 mm in diameter.and the polarization state was controlled by a half-wave
plate. After the objective lens, the laser power was operated in the range of 0.1-1.0 W, and the
beam waist for 1064 nm was calculated to'be 0.39 pum. The liquid crystal droplet reoriented by
the highly focused laser beam was monitored conventionally by polarization optical
microscopy (POM), which is composed by two orthogonal polarizers. From the top of the
microscopy, visible probe light from a halogen lamp (A=400-750 nm) was passed through a
pair of polarizers and condenser lens, N.A. is 0.55, sandwiching the sample. The coupled
charge-coupled device (CCD) camera (JAI; CV-A55IR E), running at 30 interlaced frames per
second, was used to detect the transmittance probe light. The scattering light from near

infrared was completely eliminated by low pass filter (LPF) before CCD camera.

12
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Figure 2.1 A schematic diagram of the experimental setup; BS = beam splitter, A/2=half-wave plate, LPF = low

pass filter with transmission edge at 900 nm. Inset: the cell containing an individually trapped smectic LC

droplet by focused laser beam.

2.2 Sample preparation

The sample cell was prepared by two cover glasses (Matsunami; thickness
0.12-0.17 mm), and a chamber between the two cover glasses was formed by strips of

parafilms along the glass edges with height 15-25 um. The chamber was filled by 5CB

(4-cyano-4'-pentylbiphenyl; n.c— )~ )—on ) droplets (Tokyo Kasei Co.; the ordinary

13



and extraordinary refractive indices, N, and N, are 1.54 and 1.74, respectively) suspended

in D,0O without any additional surfactants. Comparing with H,O, in this kind of condition, we

can avoid temperature elevation induced by 1064 nm laser beam that has been reported to be

2.6 °C/W and 24 °C/W in H,0 [30,31]. Due to the interfacial tension, 5CB droplet always

formed perfectly spherical and the diameter can be determined directly by POM image.
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3 Results

3.1 Reconfiguration of the LC droplet

The diameter of the micro-droplets was within submicron to several microns. Due
to their high refractive index, the droplets are highly polarizable and easily trapped by a steep
optical-field gradient. In Figure 2.2 (a-b) are shown POM images for a ~2.5-um-sized smectic
droplet upon irradiation by linearly polarized laser beam with different laser power densities.
We found that at low laser powers the droplet is optically trapped, so that its center is located
at the focal area, its POM images show no time dependence, and the intrinsic lamellar
configuration inside the droplet apparently remains intact. When the laser power was
increased to few hundreds of MW/cm? we observed that the POM images of the optically
trapped droplet are time-dependent. The images showed clearly that the radially symmetric
configuration of the smectic droplet disappears, followed by the appearances of ring patterns
of transmitted probe light passing through the trapped droplet. Typically, the ring patterns
consisting of a small ring near the center and one or two larger concentric rings showed up
clearly on time scales of seconds to a few tens of seconds depending on the laser power. Such
time evolution of POM images indicate unambiguously that the radial symmetric droplet is
reconfigured under the high power of laser trapping beam. In addition, we observed

defocusing of the trapped droplet, as indicated by the change of droplet size in the

15



transmission images, though it is not so clearly observed for droplets with diameter less than 2

pm.

Figure 2.2 (c-e) shows the POM images for a ~3.5-um-sized droplet trapped by

circularly polarized laser beam with different laser power densities. Notably, for the small

droplet, the circularly polarized laser trapping beam did not induce wobbing rotation. This

suggests that optical trapping of the small droplet is on-center and it is consistent with the

earlier report, in which off-center optical trapping is observed for smectic droplets larger than

4 um in diameter independent on the laser power [25]. When we increased the laser power,

the POM images show that the droplet was also trapped steadily at the early time of

irradiation, and such a stable optical trap was followed by a wobbing rotation of the droplet

around the trapping axis. The transition from the static to rotation states takes place in a few

tens of milliseconds. In this case, once the droplet started to undergo a wobbing rotation, the

rotation continues without stopping within our observation window of 90 s. Further increasing

the laser power led a wobbing rotation to undergo temporarily. When such rotation stopped,

the appearances of ring patterns similarly to those for a droplet trapped by the linearly

polarized light were observed.
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Figure 2.2 Sequences of time evolution of POM images of an.individual smectic 5CB droplet optically trapped
by a linearly polarized trapping beam at; (a) 130 mW (or:60 MW/cm?); (b) 850 mW (or 360 MW/cm?), and by a
circularly polarized trapping beam at; (c) 130 mW (or 60 MW/cm?), (d) 460 mW (or 190 MW/cm?), and (e) 940
mW (or 390 MW/cm?). The trapping time in second is indicated in each snapshot; while the most left and most
right snapshot in each sequence is the image just before laser trapping beam is switched on and just after the
beam is switched off, respectively. The red circles denote the focal spot area. The scale bar of 3 pum is applied for

all images.

In addition to such polarization-dependent dynamics of the reconfiguration,
increasing the laser power above the threshold led all the dynamics to be faster. When the
laser beam was switched off, the transient ring patterns vanish immediately on the time scale

of tens of milliseconds, restoring the initial radially symmetric pattern of a radial symmetric
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droplet. Such an immediate restoration of the initial pattern, however, is independent on the
laser power, and it is evidence for the existence of droplet-liquid interfacial anchoring effect

as well as for the absences of optical memory, hysteresis, or storage effects.

3.2 Droplet size-dependence of threshold laser power

By varying the laser power to trap an individual LC droplet, we found that there is a
clear threshold power, above which the optical trapping is followed by molecular
reconfiguration throughout the inside of the droplet.[29]. To evaluate the dependence of the
threshold power on the droplet size and polarization state, we have performed and repeated
the above process for different sizes of LC droplets for both linearly and circularly polarized
beams. We found that the threshold “is higher for a larger droplet. As far as the optical
reconfiguration throughout the inside of the droplet as indicated by the formation of ring
patterns is considered, we found that the threshold for circularly polarized laser beam tends to
be slightly larger than that for linearly polarized beam. The droplet size and polarization
dependences of the threshold trapping laser power to induce reconfiguration are shown in

Figure 2.3.
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Figure 2.3 Plot of threshold laser power density to induce the phase transition as a function of droplet radius.
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4. Discussion

4.1 Laser trapping-induced reconfiguration

We should note that our observation on laser trapping properties of the radial
symmetric 5CB droplet at low laser powers are in accordance with those recently reported and
well documented in works by Murazawa et al. [25] and Brasselet et al. [24] Our important
experimental finding is that, actually, optically induced reconfiguration does exist in the
droplet under high laser powers with a sharp threshold, similarly to the cases of other LC
droplets with radial configurations [23,32,33].

To interpret the optically-induced reconfiguration in the radial nematic LC droplet,
we first consider optical reorientation of LCs, analogous to optical Fréederickscz transition
(OFT) in LC thin films. The optical reorientation should take place when the free-energy by
the light field exceeds Frank distortional energy. In a corresponding LC thin slab analog, in
which reorientation driven by optical nonlinearities has been accurately described, for
conventional light irradiations, the threshold of light density to induce molecular reorientation,

I, IS given by [34,35]

n?cKn?

_ (2.1)
dzno (ne2 - ng)

th

where C denotes the speed of light, d is the thickness of the LC film, N, and n, are the
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extraordinary and ordinary refractive index, and K is the average Frank elastic constant. If
one considers that the diameter of the droplet is approximately equal with the thickness of the
LC thin slab analog, with K =10 pN, Eqgn. (1) gives the threshold light density for a droplet
of 2.5-um-diameter to be approximately 2 MW/cm?, corresponding to electric field strength
of 2 V/um. This calculated threshold power, however, is about two orders of magnitude lower
than the actual power to induce the reconfiguration throughout the inside of the droplet (the
threshold power density is ~360 MW/cm?). The striking difference between the calculation
and experimental value is due to that laser intensity of a focused beam is steeply distributed
around the diffraction limited size, not all inside the droplet volume. Nevertheless, with this
calculation, we proposed that the focused beam with laser powers slightly above OFT
threshold should not only generate gradient force, which confines stably the birefringent
droplet, but such a polarized laser beam propagating in the confined droplet can also induce
optical reorientation locally within the focal spot at the droplet center, although such local
reorientation is too small inside the droplet to be detected by the POM imaging.

As a self-organized structure, droplet-liquid interface energetic will also control the
molecular orientation inside the droplet through the interfacial anchoring effect. In this sense,
the interface can be considered to act as the anchoring layer. Under the optical trapping at
laser powers between the OFT and reconfiguration threshold, the reorientation propagates

from the focal spot to the close vicinity area through most probably cooperative effects, and
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thus, the droplet may adopt a kind of intermediate configuration. In this situation, the local

reorientations inside the droplet will induce non-symmetrical orientations, and such symmetry

breaking inside the droplet leads to spatially unequal torque. This is clearly indicated by

rotation of the droplet under circularly polarized beam. At higher powers, when optical

reorientation overcomes the anchoring effect, rotation of the droplet is coupled with its

reconfiguration. Thus, the rotation is induced as the result of local optical reorientations and it

can be considered as an early process or precursor of the reconfiguration, which most

probably is an equilibrium reorientation throughout the inside of the droplet. This means that,

when such an equilibrium configuration-is formed, the local birefringence ultimately becomes

negligible, the torque is spatially balanced, and the rotation stops as observed with the

appearances of ring patterns.

The ring patterns of the optical transmission can be usually related to a far-field

intensity distribution of the transmitted light due to its spatial self-phase modulation and the

wave-front curvature, when the light passes through the nematic LC thin film [36,37]. In this

droplet case, the ring patterns may indicate that, in the equilibrium state, the LC molecules

inside the droplet is reoriented, but since both linearly and circularly polarized beams result in

the same POM images of the reconfigured droplet, we could draw a conclusion that their LC

orientations are not preferred along the laser polarization. This is an indication that

reconfiguration is not solely due to the laser polarization in the focal spot, but also involves
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cooperative effects throughout the inside of the droplet. Though the LC molecular
configuration inside the droplet is still an open question, we qualitatively interpreted that one
of possible structures is a kind of twisted configuration [29]. However, as the initial pattern is
immediately restored when the laser beam is switched off, we could consider that the
molecular alignment at the interfacial layer which acts as an anchoring surface should always
remain intact.

Upon the reconfiguration, the local refractive index inside the droplet should jump
between the extraordinary and ordinary refractive indices. As a consequence, the optical
forces exerting on the droplet should.bealso modified, resulting in a relocation of the droplet
slightly from the initial trapping-center. This could be attributable to the change in droplet
diameter in the POM image. In"comparison, the similar effect has been observed in
photo-induced molecular reorganization inside optically trapped cholesteric LC droplets

[21,22].

4.2 A proposed model mechanism for droplet size dependence of threshold

power

Considering that the reconfiguration is initially induced and started by the optical

reorientation at the focal spot, the droplet size (@) with respect to the beam waist () should
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be the key factor in determining the threshold power. For droplets with radius comparable to
the beam waist, a=1Iy, in which all LC molecular dipoles in the droplets interact with a
tightly focused laser beam and are directly reoriented by the light, the reconfiguration
undergoes at the lowest threshold power. For larger droplets with a > I, the relevant scale
for the interactions is limited in the small volume of focal spot. Thus, the LC molecules at the
positions I >, inside the droplet are reoriented either by the propagation of optical
reorientation at the focal spot due to cooperative effects or by the small light field of
transverse Gaussian intensity, leading to a higher threshold power for a larger droplet. This
interpretation is clearly demonstrated by the tendency of the threshold power in the
experiment (Figure 2.3). However, this finding contradicts essentially to the prediction of the
OFT threshold by conventional light"irradiations(Egn. 2.1), by which the threshold is
inversely proportional to square of droplet diameter. To clarify this issue, here, we evaluate
the optical reorientation and reconfiguration by a tightly focused laser beam as follows.
Firstly, we consider the interaction energy of LCs aligned throughout the inside of
the droplet by the electric field of the focused beam can be expressed as
U(r,z) o —[0QI(r,z)dV, where o is polarizability, I(r,z) is the light field intensity as a
function of the lateral (r) and axial (z) distances from the center of the focal spot, V is volume
of the droplet, and Q is dimensionless factor for the target materials in the geometrical optics

regime [38]. In our realistic experiments, the light intensity distribution of an axial symmetric
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Gaussian  beam around the focus area is approximately expressed as,
1(r,z)= Ioexp(— 2kr2/(krg +422)), where |, is the light power intensity at the center of
focal spot is k wavenumber in the surrounding medium. Secondly, since the light-induced
reconfiguration always competes with LC droplet-liquid interfacial anchoring effect [39], just
like a system consisting of two-coexisting processes, namely, an optical controlled-lattice site
surrounded by the interface-controlled self-aligned geometric configuration, we evaluate
qualitatively the threshold of light-induced reconfiguration based on the mean-field theory
[40]. In this case, we take into account the surface free energy of the droplet-liquid interfacial
anchoring effect, which is defined as-the multiplication of surface free energy per unit area (j3)
and the phase boundary area [26]. Considering that the depth of focus of the near-infrared
laser beam is much smaller in the front of the droplet size, the total energy can be

approximately given by,

a 2
U o2 — 220 J rZeXp(-ZLZ)dr +a’ (2.2)
0

B o

This equation indicates that the total energy is a function of the radius of the droplet
and laser power in terms of @ and aQIlo/B. We show in Figure 2.4(a) that the total energy
shows a negative local minimum when aQIo/f is larger than 7.5, indicating clearly that when
the laser powers is above such a threshold condition, the interaction energy of the LCs

realignment by the electric field overcomes the surface free energy of the droplet-liquid
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interface, and thus, molecular reconfiguration can undergo throughout the inside of the
droplet [29]. To place the droplet-size dependence in context, with the criterion that the total
energy reaches a negative local minimum, in Figure 2.4(b) we show the
polarization-insensitive plot of aQIo/p as a function of a/fy, indicating two distinct regions
in the plane of parameters; where in the region above the graph, the optical trapping is
followed by molecular reconfiguration throughout the inside of the droplet. The slightly
higher threshold power for the circular polarized beam can be understood as a cause of
angular momentum transfer of the light inducing the rotation of the trapped droplet prior to
the reconfiguration. From the plot,«it now became Clear that a larger threshold power is
required for a larger droplet. The qualitative similarity between the tendency predicted by the
calculation and that in the experimental observation supports the relevance of the above
mentioned approximation.

Finally, for droplets with diameter much larger than the beam waist, in this case
a>1 um, the predicted tendency shows a larger increase than that of the experimental
observation. This fairly indicates that some parameters in Egn. (2) may change drastically for
the droplets with a>>1,, resulting in such deviation from the experimental data. The
physical reasons are yet unclear, though one may consider that Q is also a function of
droplet-size [38]. The other likely reason for the deviation is that optical reorientation of LCs

directly by the polarized focused beam is coupled with cooperative effects inside the droplet
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through dipolar interaction, which may reduce the threshold power. We recall that such
cooperative effects of smectic layers in the thin slab film results in a significant reduction of
the predicted critical electric field at which the OFT effect takes place [41]. Hence, further

investigations are still meaningful to find a possibility of obtaining a quantitative explanation.
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Figure 2.4 (a) The total energy as a function of the radius of the droplet at different level of laser power. (b) Plot
of the predicted dependence of threshold laser power density to induce a negative local minimum, which is
related to the reconfiguration, as a function of droplet radius relative to the beam waist, based on Eqgn. (2.2) (see

text for details).
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5. Summary

We have presented laser-induced reconfiguration of micrometer-sized radial
symmetric droplets of liquid crystal 5CB dispersed in D,0. The definite threshold laser power
to induce such reconfiguration depends on the droplet size and polarization state. The
tendency of the droplet size dependence can be qualitatively explained by considering that the
direct optical reorientation by laser beam is mostly distributed around the focal spot and that
the LC droplet is a self-organized structure with droplet-liquid interfacial layer controlling the
molecular orientation inside the droplet; «rather. than by conventional non-focused light
irradiations. Thus, the likely mechanism involves the optical reorientation (OFT effect) at the
focal volume and propagating out-of the focal spot by cooperative effect. When the interaction
energy of the LCs realignment by the electric field overcomes the surface free energy of the
droplet-liquid interface, the radially symmetry of the radial symmetric structure is completely
broken, and ultimately leading to a reconfiguration throughout the inside of the confined
droplet. With this proposed mechanism, we show qualitatively that the calculated tendency of

threshold power as a function of droplet size is in agreement with the experimental data.
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CHAPTER 3

Optical Trapping and Polarization-Controlled Scattering

of Dielectric Spherical Nanoparticles by Femtosecond

Laser Pulses
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1. Introduction

One of the successful applications of mode-locked lasers is the ultrafast
time-resolved spectroscopies, which provide the absorption, vibrational, or emission spectra
of atoms or molecules on extremely short time scales after their excitation with ultrashort
laser pulses. The research group of Prof. M. Martin is one of pioneers who have utilized
transient absorption spectroscopy to decipher the dynamics and mechanisms of fundamental
photo-induced processes [1]. Their reports on the insights of driving forces and primary
occurring events in the photo-induced. dynamics of various chromophores, photoactive
proteins, or biomimetics are important advances-in our understanding of the photo-processes,
particularly the functionality of the biomaterials in relation-with their electronic structures [2—
7].

Another important laser application is optical trapping (also called optical tweezers),
exploiting the optical gradient force, which can confine micrometer to a few tens nm-sized
objects in the focal spot [8,9]. In this phenomenon, a high numerical aperture lens is
necessarily required to focus tightly the continuous-wave (cw) laser beams into a
diffraction-limited spot size [10,11]. With its potential ability of non-destructive tool to
immobilize, reorient, and transfer the dielectric or metallic particles, this technique has been
widely applied in various fields of sciences with target materials ranging from small particles

[12], polymers [13,14], clusters of amino acids [15-19], to biological substances [20], and has
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become indispensable in single-molecule measurements [21,22].

Recently, the optical trapping technique is further developed by utilizing ultrashort

laser pulses. By the femtosecond laser pulses, optical trapping of micrometer-sized silica

spheres was found to be as just effective as cw optical tweezers, and trap stiffness was related

to average power of the laser pulses [23]. With the ultrashort laser pulses, however, several

phenomena have been revealed, including optical trapping of as small as a few nm-sized

CdTe quantum dots or the depositions of CdS nanoparticles with grain size down to 25 nm

[24,25]. For the trapping of gold nanoparticles by laser pulses, the trapping site splits up into

two equivalent positions around the. focal center, demonstrating that high nonlinear optical

susceptibility of the target materials can modify the shapes of gradient force and trapping

potential [26]. More recently, the femtosecond laser-pulses with the power less than 200 mW

has been successfully applied to confine an individual polystyrene bead with a diameter of a

few tens of microns (the particle sizes within the framework of geometrical optics regime),

but the microparticle was pushed away from the trapping site when the focal position was

shifted to its downstream surface due to secondary convergence of the laser pulses that

reduces water breakdown threshold [27].

In this article, we report on an experimental study exploring the trapping behavior

of the dielectric spherical nanoparticles (50-nm-diameter polystyrene beads), suspended in

liquid water medium, by femtosecond laser pulses tightly focused by high numerical aperture
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lens. We show that as compared with the cw mode, the laser pulses can trap a larger number

of nanoparticles. In addition, the laser pulses induce nanoparticle flows out of the focal spot in

two opposite directions, in an alternating manner, controlled by the laser polarization. To

understand this phenomenon, we evaluate both radiation (gradient and scattering) and

temporal forces (the latter is also called pulse radiation force) by adopting Lorentz force of

fundamental Gaussian beam exerted on Rayleigh particles [10,28], and by applying scattering

cross section value of the nanoparticles obtained based on Mie theory [29]. We demonstrate

that the axial electric field produced by the high numerical aperture objective lens is

responsible for the present novel phenomenon.
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2. Experimental

2.1 Optical setup

To experimentally exemplify the trapping behavior of the nanoparticles by
femtosecond laser pulses, we developed an experimental setup based on an inverted
microscope (Olympus 1X71), as shown in upper Figure 3.1. We used a 800-nm fundamental
mode of Ti:sapphire (Tsunami; Spectra Physics) laser beam, which can be operated in cw or
femtosecond-pulse mode, acting as the trapping beam. When it was operated in the pulse
mode, the pulse duration was compressed by a pair of prisms to be about 90 fs, and the
repetition rate was 80 MHz. The polarization direction of the laser beam was controlled by a
half-wave plate before the beam was collimated-and-expanded to ~5 mm in diameter by a pair
of positive lenses with focal length being 100 and 200 mm, respectively. The beam then was
focused through an objective lens (60x, NA = 0.90) at normal incidence into a sample cell,
which was placed on the sample stage of the microscope. The light power after the objective
lens was controlled in the range of 0.10-0.35 W. The beam waist, wo, at the focal spot was
calculated to be 460 nm, equivalent to the calculated radius when the beam intensity of its

first Airy pattern falls to 1/e? of the maximum value.
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Figure 3.1 Schematic diagram of the experimental set-up; A /2 is halfwave plate, BS is beam splitter, and LPF

Collimation Control

is low pass filter. Inset is a schematic illustration of the sample cell containing the colloidal solution of

nanoparticles.

2.2 Sample cell and detection system

The sample cell consisted of a silicon chamber (1 mm thickness) sandwiched
between two cover-glass plates (Matsunami). The inner well of the chamber (10 mm in
diameter) was filled with colloidal solution containing spherical polystyrene beads
(PolyScience; radius = 25 nm, density = 1.06 g/cm®) suspended in distilled water (refractive
index = 1.33 at room temperature). Concentration of the polystyrene beads was 3.79 x 10

particles/mL. The refractive index of the polystyrene nanoparticles at 800 nm wavelength was
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calculated by Cauchy dispersion relation to be 1.59 [30].

The sample cell containing the dielectric spherical nanoparticles was illuminated by

white light (A = 400-750 nm) from a halogen lamp passing through a cardioid immersion dark

field condenser lens (Olympus; U-DCW NA = 1.4-1.2). The elastic light scattering originated

from the laser trapping beam was completely cut by a shortwave-pass filter with transmission

at 380-720 nm (Semrock; Brightline 750/SP) in front of charge-coupled device (CCD)

camera (JAI; CV-A551R E). With such a setup only the scattering light from halogen lamp by

the nanoparticles was collected by the objective lens, and was detected by using the CCD

camera running at 30 interlaced frames per second. Thus, the detected light intensity can be

related mainly to the scattering-light intensity, although there is possibly a very minor

contribution of three-photon excited. fluorescence of ‘the bare polystyrene beads due to

nonlinear optical effects if such the fluorescence wavelength is longer than 380 nm to pass the

shortwave-pass filter. The positions of the nanoparticles were associated with the image of the

scattering light detected by the CCD camera. The resolution of the image in the lateral

direction was 94 nm per pixel, and our observation layer was limited within the axial

resolution of the objective lens (calculated to be approximately 1.8 um).
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3. Results

3.1 Polarization-controlled off-axis scattering of nanoparticles

With the laser trapping beam operated in the femtosecond pulse mode at the average
power of 350 mW, we observed a brighter scattering light at the focal spot compared with the
surrounding area. We should note that such bright scattering light was never observed in a
neat solvent. In addition to scattering light at the focal spot, bright locus of scattered polymer
beads, just like multiple shooting stars, from the focus spot to the surrounding area was also
observed. The bright locus was shaped like a partially opened folding fan along two opposite
directions, in an alternating manner, perpendicular to the polarization direction. Such the
event occurred randomly, and simultaneous bright-locus along the two opposite directions like
a pair of two partially opened folding fans was never observed. Thus, we show the bright
locus along the two opposite directions by combining two halves of different video frames in
Figure 3.2(a)-(c). Since the scattering lights detected in the video image represent the
positions of the nanoparticles, we therefore extracted the profiles of scattering light intensity
passing through the focal center as shown in each panel. Such line profile parallel to the
polarization direction shows clearly a single sharp peak with an approximately 1.6 pum full
width at half maximum at the focal spot, whereas that perpendicular to the polarization

direction indicates the additional bright locus of scattered polymer beads along the two
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opposite directions in an alternating manner. The intensity of the bright locus is comparable to
each other. When the laser beam was operated in the cw mode at the same laser power, only a
tiny scattering light at the focal spot was observed under the similar experimental conditions,
but there were no any observable bright locus of scattered polymer beads from the beam
center to the surrounding area. An image frame under the cw-mode laser irradiation is shown
in Figure 3.2(d). The line profiles passing through the focal center parallel and perpendicular
to the polarization direction reveal that the scattering light at the laser focal spot of the cw
mode is very low.

By varying the laser power, the threshold of the femtosecond laser pulses to induce
observable scattering light at the focal point and bright locus along the two opposite directions
was observed at 264 mW for the highly concentrated nanoparticle solution. We also found
that the concentration of the nanoparticles was a crucial parameter to observe the bright locus.
Under the same optical conditions, the laser pulses at the average power of 350 mW, the
bright locus was not observed when the solution was diluted by a factor of 4, equivalent to the
concentration of 0.95x10 particles/mL. The fourfold dilution led to severe reductions in the
trapping rate, size of trapped assembly, and number of scattered nanoparticles, giving no

bright locus.
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Figure 3.2 A combination of two halves of two different image frames showing optical trapping and scattered
polystyrene nanoparticles by femtosecond-pulse modes and showing their optical trapping by cw Ti:sapphire
laser beams (A= 800 nm). (a)-(c) A sharp scattering light at the focal spot and bright locus of scattered polymer
beads from the focus spot to the surrounding area towards two opposite directions in an alternating manner
perpendicular to the laser polarization direction of femtosecond laser pulses, indicating the optical trapping of
polystyrene nanoparticles at the focal spot and nanoparticle flows along the two opposite directions. The laser
power for each case is 350 mW after the objective lens. Arrow in each panel indicates polarization direction of
the laser beam. The line profiles in each panel were taken from one cursor passing through the focal center to the
opposite cursor, parallel and perpendicular to the polarization direction. The two line profiles (solid and dotted
lines) perpendicular to the polarization direction are related to the two alternating directions of the scattering
light. (d) An unstable and low scattering light intensity from the focal spot of cw laser beam at the same laser
power. Arrow in the panel indicates polarization direction, and the line profiles were taken from parallel and

perpendicular to the polarization direction.
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3.2 Temporal evolutions of the bright spot at the focal spot

The temporal evolutions of scattering light intensity at the focal spot when the laser
beam was operated in femtosecond-pulse or cw mode are shown in Figure 3.3(a). In contrast
to high intensity of scattering light when the laser beam was operated in the pulse mode, low
intensity, unstable, and fluctuated scattering light intensity was observed under the cw mode.
In comparison, the scattering light intensity is about one order higher when the laser beam
was operated in the pulse mode than that under cw mode.

Further, in Figure 3.3(b) we show: the plot of the temporal random distribution of
the event, where the bright locus-was observed along one of the two alternating directions
perpendicular to the polarization of the femtosecond laser pulses, for the observation window
about 120 s. The bright locus emerged in-one.direction on the timescale of seconds before
they changed into the opposite direction, and they continued in the same way. The probability
and total duration of the bright locus along the two alternating directions almost balanced

each other.
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information for data shown in the figures (a) and (b) are related to those in Figure 3.2a.
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4. Discussion

4.1 Optical trapping and nanoparticle flows

Extracting the intensity of scattering light by line profile is one of useful practical
ways to identify the spatial position of nanoparticles in colloidal solution. Typically, a sharp
light intensity at the focal spot in the line profiles can be attributed to nanoparticles
accumulated by laser trapping, and the number of trapped nanoparticles is associated with the
light intensity [31]. Similarly, the existence of such single and sharp peak intensity from the
spherical polystyrene beads under the femtosecond-laser pulses, as shown in Figure 3.2,
indicates the possible of a single trap site at the focal spot. Such a single trap site is commonly
observed in conventional optical trapping experiments [8] and [32], but it is in contrast to the
trap split of 60-nm sized gold nanoparticles by the femtosecond laser pulses on the same level
of average laser power [26]. It is noteworthy that since the third-order nonlinear optical
susceptibility is responsible and sensitive to split the trap site into two equivalent positions
shifted from the beam axis, the lower third-order susceptibility of polystyrene nanoparticles
(0.8x10—8 esu) [33] as compared with that of gold nanoparticles (5x10—8 esu) [34] is the
reason for the polymer nanoparticles having no clear observable nonlinear optical effect on
the trap site.

Here, we interpret our experimental results as follows. When a nanoparticle enters

the effective trapping area by diffusion, gradient force due to a steep gradient of optical
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intensity of the highly focused ultrashort laser pulses is exerted on the nanoparticle, and the

force drags the nanoparticle towards the single trap site at the focal center. A stable trapping

can only be achieved when the gradient force overcomes scattering force, and the

characteristic stiffness of optical trap should be proportional to the laser intensity, as it has

been reported for the trapping laser in cw mode [21] and [35]. For the ultrashort optical pulses,

in particular, in addition to the gradient and scattering forces, we also have to consider

temporal force within the pulse duration, which is defined as instantaneous Lorentz force at

the time over the entire duration of the pulse envelope [36], [37] and [38]. In this case, the

gradient force of the laser pulses should overcomes the scattering and their temporal forces to

achieve a stable trapping. Considering the sizes of the nanoparticles and beam waist, multiple

nanoparticles can be trapped in the single potential minimum at the focal spot, and the

scattering light intensity is proportionally enhanced with the number of trapped nanoparticles

at the trap site. Thus, monitoring such the scattering light intensity, similarly to monitoring a

stepwise behavior of fluorescence intensity increase in optical trapping of 100- or

200-nm-sized dye-doped polystyrene nanoparticles by cw laser beam [39], would provide the

information on the number of nanoparticles entering the trap site. However, the video frames

in our experiment are saturated within the first integrating time, hindering a precise

observation on the exact number of the optically trapped nanoparticles. Nevertheless, based

on the scattering light intensity at the focal spot (Figure 3.3(a)) we could roughly estimate the
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number of trapped nanoparticles to be at least one order higher when the laser is operated in

the femtosecond pulse mode compared with that under cw mode on the same averaged laser

power.

Since the optical trapping potential can only filled by a certain number of

nanoparticles, additional nanoparticles entering the trapping site should push and replace the

nanoparticles occupying the trapping site. The trapped nanoparticles can also escape and

release themselves from the trapping site by diffusion during the interval period between two

laser pulses. The nanoparticles escaped from the optical trapping site are readily pushed

farther away from the focal center by scattering or temporal forces. Although one single pulse

may not be able induce the migration of nanoparticles along the way as they are observed in

this present work, but since the laser pulses are repeatedly introduced at the pulse repetition

rate of 80 MHz into the highly concentrated nanoparticles, we consider that multiple

nanoparticles are scattered with the high frequency on the same direction. With this

mechanism, the stable quantity of nanoparticles at the trapping site is maintained, resulting in

the constant intensity of line profiles observed at the trapping site, while multiple

nanoparticles are continuously scattered out of the focal spot making their motions as a kind

of nanoparticle flow, which is observed as the multiple shooting stars from the focal spot to

the surrounding area forming a partially opened folding fan-shaped bright locus. Interestingly,

the nanoparticle flows are along two opposite directions, in an alternating manner, controlled
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by the laser polarization. In the following, we show that such the polarization-controlled
nanoparticle flows can be attributed to the existence of lateral component of scattering and

temporal forces.

4.2 Radiation and temporal forces acting on a dielectric spherical

nanoparticle

Let us consider the fundamental mode of Gaussian beam propagating without
distortion in a medium containing dielectricispheres. The beam is tightly focused by a high
numerical aperture objective lens,~converging to a near-diffraction-limited size with a focal
waist being ®0, and then reexpanding. Here, we consider that Lorentz force acts on a
dielectric spherical nanoparticle due to interactions between light electric field and induced
dipole moment of the polarizable dielectric sphere. The induced polarization can be
approximately expressed as, P = yE, where y is the electric susceptibility. For a uniform
dielectric sphere, the susceptibility is isotropic and the polarization P is parallel to E. Thus, the
gradient force, related to spatial Lorentz force, exerted on the nanoparticles can be expressed
as [28]

Fyea =[P-VIE :%aﬂEf (3.1)
where o =4mn2e,a’[(m? —1)/(m? + 2)]is the polarizability of an individual nanoparticle in
the Rayleigh regime, ¢, is vacuum permittivity, a is the radius of the nanoparticle,
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and m=np/nm is the relative refractive index of the particle (n,) to medium (nm,). Another
component in the radiation force is the scattering force due to momentum transfer of light
exerting on the dielectric sphere, as given by

Focat = (Mo, [ C)(Ex H), (3.2)
where op is the scattering cross section of a nanoparticle, ¢ denotes the speed of light in
vacuum, and (E x H), is the time-averaged energy flux of the laser pulses. The temporal force
is given by [36], [37] and [38]

Fremp = 1o0y (Px H) = apod (ExH) (3.3)
where o is vacuum permeability. The character and-magnitude of this temporal force depend
strongly on the pulse duration [40], and this force is obviously zero for the cw laser beams.
It is noteworthy that in our experimental case, for-wavelength of laser beam A = 800 nm and
beam waist o = 460 nm, beam divergence half-angle (defined as 6 = AM/nhnwo) is calculated
to be ~24°. Consequently, the axial vector field of the plane-polarized Gaussian beams tightly
focused by such an objective lens can not be neglected [41] and [42]. If we assume the focal
plane is located at the xy-plane (z = 0), and the carrier frequency and pulse duration of the
laser pulses is ® and 7, respectively, the linearly polarized electric field parallel to the x-axis
can be expressed as E , = E exp[iot —£*Jexp[-t ] (where & = x/mo and t= t/1). We note
that the electric field along the y-axis is zero in the lowest order approximation of the paraxial

Gaussian beam [41] and [43], and the axial electric field along the z-axis can be derived using
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Ezo=(—1/k)0xExo, and one obtains
E,, = -iKE E exp[iot — £*]exp[-1 ] (3.4)

where k=2n/)\ and K=2/kw. By considering that the axial component is a phase quadrature,
the electric field on the X-axis IS given by [26],
E = E, (Xcos ot + ZKE sin ot)exp[-&?]exp[-1?] (where % is the unit vector along the x-axis,
and I is the unit vector of z-axis or along the beam propagating direction). With the
corresponding magnetic field of the laser pulses, H= nmaoc(f(EZO +§/EX0) the gradient,
scattering, and temporal forces exerting on a nanoparticle at the focal plane, as presented in

Egs. (3.1), (3.2) and (3.3), can be therefore expressed as-follows

Forag = X aEjgl6/ 0o —3 K’/ K2 f0,] (3.5)
scatt Z(n ‘90/2 x0T y K gznz G 80/2)E (3.6)
Fiemp = —2 400 EZ t/ct—§ dan, B K2 E? /et (3.7)

We note that the gradient force has only a lateral component, whereas the scattering

and temporal forces have two orthogonal components perpendicular to the electric field Exo

direction; along the beam propagation direction and in the lateral y-axis. The magnitudes of

the gradient, scattering, and temporal forces depend on the laser beam intensity and on the

spatial position in the trapping area, and in particular, the temporal force is also inversely

proportional to pulse duration. The effect of the axial component field produced by the

high-numerical aperture objective lens arises clearly in the gradient, scattering, and temporal
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forces in the term K2 It is therefore interesting to calculate the forces in our real experimental
case.

From knowledge of the size and refractive index of an individual polystyrene
nanoparticle we calculated . to be 3.85x10** N m®V 2, and based on the Mie scattering
theory [29] we obtained o, to be 3.5x10 *m®. By adopting the values of K = 1.6/x for an
objective lens with NA = 0.9 [26,43] and Eq =(4P/mwo’Nmeoc) 2 =24.4 V/um, (where P = 350
mW is the average power of the femtosecond laser, corresponding to laser power intensity of
1.05x10* W/m? at the focal center), in Figure 3.4(a) and (b) we show the plots of the
calculated time-averaged gradient and scattering forces exerting on a spherical polystyrene
nanoparticle as a function of the position x/@q. The lateral gradient force with the maximum
being 0.14 pN at x = 0.56w¢ (shown in-Figure 3.4(a)) acts as a restoring force, which directs
the nanoparticle towards the beam center as commonly observed in conventional optical
trapping experiments [8,32]. The maximum value of axial scattering force is 1.6 fN at x = 0,
and that of lateral scattering force is 0.08 fN at x = 0.71wo, as shown in Figure 3.4(b). Such
the gradient and scattering forces of the time-averaged power of the mode-locked laser beam
should also be applied for the cw laser beam. The calculated axial and lateral temporal forces,
which apply only for the laser pulses, as a function of the time t/t is plotted in Figure 3.4(c).
The plot reveals that the temporal forces fluctuate within the pulse envelope (t= 90 fs),

similarly to the theoretical approach reported by Gordon [36] and Wang and Chai [40]. At the
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first half of the pulse, the axial and lateral component of the temporal force pushes the
nanoparticles along the beam propagation and along y-axis, respectively, parallel to those of
the scattering force. At the second half of the pulse the temporal force pushes the
nanoparticles along the opposite directions. Interestingly, the maximum axial and lateral
temporal forces were estimated to 12.3 fN and 1.7 fN, respectively, which are about 8 and 20
times larger than the respective component of scattering force. Those gradient, scattering, and
temporal forces are illustrated with a diagrammatic sketch in Figure 3.4(d).

Considering that the optical trapping relies on the lateral gradient force, and that the
magnitude of the lateral gradient force at the focal plane-overcomes those of the scattering and
temporal forces, the optical trapping of 50-nm diameter polystyrene spheres by the ultrashort
laser pulses is realized. Such optical trapping of the nanoparticles is also supported by the
estimated potential energy to be 13.8 kg T (at 300 K) at the beam center, which is above the
minimum criterion of a necessary potential energy to overcome thermal energetic for a stable
optical trapping (10 kgT)[8,28]. When the polymer nanoparticles escape from the optical
trapping potential, they are readily scattered out of the focal spot by the resultant of axial and
lateral components of both scattering and temporal forces. In particular, the lateral scattering
and temporal forces, which are much larger in the front of the gravity of the nanoparticle
(6.9x10 * fN), should control the nanoparticle flows in the directions perpendicular to the

light field polarization.
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4.3 Comparison between radiation forces on the nanoparticles in femtosecond laser

pulses and in CW laser

If the necessary potential energy of pulsed laser beams to trap the nanoparticles is
related to their average power, similarly to the case of cw laser beams, we estimated that,
under our experimental condition, the axial optical trapping can be achieved at minimum laser
power of 250 mW. This is in agreement with our observation (264 mW). However, the optical
trapping behavior of the nanoparticles by laser pulses dramatically differs from that by cw
laser beam in terms of the number of «trapped nhanoparticles and the existence of scattered
nanoparticles towards the directions controlled by the laser polarization. The higher number
of nanoparticles trapped at the focal spot (Figure 3.3(a)) by the laser pulses in comparison
with that by cw mode indicates the higher optical trapping efficiency of the laser pulses,
although the fluctuation of scattering light intensity at the focal spot takes place due to the
dynamic particle motions during the pulse irradiation and pulse interval period. To clarify this
issue, we consider the number of photons of the 800-nm laser beam transferred into the
sample. For the laser pulses with an average power of 350 mW, the peak power of a single
pulse is 4.9 nJ and the number of photons per second is 1.11x10?, almost five orders higher
than that of cw mode (1.41x10®) for the same laser power, highlighting the impulsive peak
power of the laser pulses in the front of cw mode. However, we should note that such a peak

power in our experiment is much smaller than that to induce optical breakdown in water,
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which requires 0.1 pJ per pulse for 100 fs laser pulses [44], generating shockwave emission

and cavitation bubble [44-47]. Unlike the polystyrene particles containing fluorescent dyes

[38], the bare polymer nanoparticles in our experiments does not absorb efficiently

two-photon excitation of the laser pulses, thus, they are not ablated by the laser pulses. We

should also note that the polystyrene nanoparticle size is too much smaller than the beam

waist to induce secondary convergence of the femtosecond laser pulses that can reduce the

optical breakdown threshold as observed for polystyrene beads with a few tens of micron in

diameter [27]. Thus, under our experimental condition we can rule out the possible

contributions of shockwave, cavitation bubble (related to optical breakdown), or ablation, in

the mechanism of the nanoparticle flows controlled by the laser polarization. Instead, as we

proposed in Section 4.2, the lateral-components-of both scattering and temporal forces during

the short pulse irradiation play an important role in the polarization-controlled nanoparticle

flows. The temporal force, which is not available in cw mode, pushes the nanoparticles in the

fluctuating manner out of the focal center, inducing the dynamics of nanoparticle motion

during the pulse duration. The particle motions may also induce convection of the liquid

medium. Thus, combination of attractive and repulsive forces by the impulsive peak power,

resulting in dynamic motions and diffusions of nanoparticles around the focal spot, makes

optical trapping of laser pulses is more efficient than that of cw mode. In other words, under

cw mode, the laser beam without modulation results in flat power, less controllable flows, less
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dynamic motions and diffusions of nanoparticles around the focal spot, and hence, less
efficiency in optical trapping.

In order to evaluate whether a trapped nanoparticle can escape from the trap site by
thermal motion during the pulse interval period between two pulses, we have considered the
diffusion of a polystyrene nanoparticle in water. With 12.5 ns interval between two laser
pulses (related to 80 MHz repetition rate) and diffusion coefficient in the order of ~10'°m?
st for 57-nm diameter polystyrene particle [48], we estimated the diffusion of the
nanoparticles within the pulse interval period to be ~4 nm? which is much smaller than the
focal spot size. We therefore could exclude the severe destabilization of the optical trapping
due to the nanoparticle diffusion. Nevertheless, the diffusion during the interval between
pulses may be attributed to the fluctuation of accumulated nanoparticles at the focal spot as
indicated by the light intensity fluctuation in Figure 3.3(a). Since the existence of nanoparticle
aggregate at the focal spot can distort the light electric field, we proposed that a certain
macroscopic shape of the accumulated nanoparticles allows the nanoparticle flows in one
direction and the other shape in another direction. In this current experimental case, such a
transition from one to another macroscopic shape of the accumulated nanoparticles takes
place on the time-scale of seconds, not on the time-scale of the pulse duration. This also
indicates that the change or destabilization of macroscopic shape of the accumulated

nanoparticles is much slower than the fluctuation in the number of the optically trapped
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nanoparticles.

Further, we interpret that pulse duration and repetition rate of laser pulses will be

important parameters governing and bringing about the efficient optical trapping and

polarization-controlled scattering of the dielectric spherical nanoparticles. This interpretation

Is in contrast to the optical trapping of 0.78 or 1.28 um silica spheres, in which the optical

trapping of the submicro- or microparticles by femtosecond laser pulses were reported to be

just as effective as those by cw laser mode, and the optical trapping is independent on pulse

duration within 12-40 fs over the repetition rate of 80 MHz [23,38]. This can be understood

as we have interpreted our results based on instantaneous force on the 50-nm sized Rayleigh

particles instead of total impulse transfer by the laser over the repetition cycle on such

micron-sized particles, which are -much_larger-than the beam waist implemented in those

reports [23,38]. Finally, experiments with varying repetition rate and pulse duration of laser

pulses, in addition to anisotropy, the concentration of the colloid, and the intrinsic

polarizabilities of the Rayleigh colloidal particles as extensions of our current study are in

progress in our laboratory, pursuing generality of the trapping and polarization-controlled

scattering of dielectric nanoparticles by the tightly focused laser pulses, and the results will be

reported elsewhere in near future.
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Figure 3.4 Plots of calculated gradient, scattering, and temporal forces acting on a polystyrene nanoparticle

locating in the focal plane (z = 0) as a function of either the normalized lateral position of x/wq or normalized

time t/’C (a) Lateral component of the gradient force, Fg,q, parallel to E, at the peak of a pulse duration
(t/T = 0) (b) Axial (black) and lateral (red) components of the scattering force, Fy.q, at the peak of a pulse

duration (t/r = 0) (c) Axial (black) and lateral (red) components of the temporal force, Fmp. Note: for the sake
of clarity, the lateral components of the scattering and temporal forces have been multiplied by a factor of 5. (d)

A schematic illustration of the gradient, scattering, and temporal forces. Note; Fx:Fgrad ,

I:y = Ftempty +Feay. F = I:temptz +FanZ -
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5. Summary

We have presented optical trapping behavior of 50-nm sized dielectric spherical
nanoparticles by the tightly focused ultrashort laser pulses. In addition to the single optical
trap at the focal spot, the nanoparticles were also scattered from the focus spot to the
surrounding area forming a partially opened folding fan-shaped bright locus in two opposite
directions, in an alternating manner, perpendicular to the laser polarization. We have shown
that as compared with the cw mode, the laser pulses can confine a larger number of the
Rayleigh dielectric particles around the focal spot; highlighting the impulsive peak power of
the ultrashort laser pulses. The temporal forces of the laser pulses, in addition to the scattering
forces, readily push the nanoparticles out of the focal spot: In particular, the lateral scattering
and temporal forces, which arise from the-axial-component of the electric field produced by
the high numerical aperture of objective lens, can control the nanoparticle flows from the
focal spot to the surrounding area. The controllable directions of the scattered nanoparticles
by the polarization of laser pulses will open a new vista for controlling dynamical motion of
nanoparticle assembly as well as for separation and sorting of nanoparticles with either

different polarizabilities or scattering cross sections.
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CHAPTER 4

Conclusion and Future Outlook
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In this thesis, we have studied the optical trapping behaviors of micro-sized liquid

crystal droplet by tightly focused cw laser beam and nano-sized polystyrene beads by

femtosecond pulse-mode laser beam. One of the key findings in this thesis is the optical

trapping of individual radial symmetric liquid crystalline micro-droplets is indeed followed by

a molecular reconfiguration, when the laser tapping power is above a definite threshold level.

This novel phenomenon is theoretically explained based upon the proposed mechanism that

the molecular reconfiguration inside the droplet involves local optical reorientation at focal

volume when the interaction energy of liquid crystals with dielectric anisotropy aligned by the

electric field of the focused laser beam exceeds Frank-distortional energy. The relevance of

this mechanism is supported by the dependence of threshold power on the droplet size.

The other key findings are the high-optical efficiency of laser pulses on Rayleigh

nanoparticles and the laser pulse-induced nanoparticles flows out of the focal spot in two

opposite directions, in an alternating manner, controlled by the laser polarization. We have

successfully interpreted this novel and fascinating phenomenon based upon interaction

between the polarization and the transient axial and lateral fields produced by high numerical

aperture objective lens. Impulsive peak power of the ultrashort laser pulses induces ejecting

forces that overcome transient restoring forces perpendicular to the incident laser polarization,

pushing the nanoparticles away from the trapping site. The repetitive trapping and releasing

behavior is also considered to be important advantages of pulse- over continuous wave-mode
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laser beam for future optical trapping applications of Rayleigh nanoparticles.

The key findings of the novel phenomena obtained in the current research works in

this thesis have provided several new vistas and future outlooks in the field of optical trapping,

including the control over the molecular reordering and reconfiguration of micro-droplets by

the cw laser trapping as well as control over dynamical motion of nanoparticle assembly by

ultrafast laser pulses. To realize such focused laser controlling of the molecular reordering and

reconfiguration as well as dynamical motion of nanoparticle assembly, some research works

extending the present works in this thesis, such as changing the target materials, different

particle sizes, pulse duration, repetition rate, and other combined spectroscopic measurements

would be of interest to be carried out in near future:
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