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ABSTRACT: We demonstrate that laser pulse duration, which
determines its impulsive peak power, is an effective parameter to
control the number of optically trapped dielectric nanoparticles,
their ejections along the directions perpendicular to polarization
vector, and their migration distances from the trapping site. This
ability to controllably confine and eject the nanoparticle is
explained by pulse width-dependent optical forces exerted on
nanoparticles in the trapping site and ratio between the repulsive
and attractive forces. We also show that the directional ejections
occur only when the number of nanoparticles confined in the
trapping site exceeds a definite threshold. We interpret our data by considering the formation of transient assembly of the
optically confined nanoparticles, partial ejection of the assembly, and subsequent filling of the trapping site. The understanding of
optical trapping and directional ejections by ultrashort laser pulses paves the way to optically controlled manipulation and sorting
of nanoparticles.

1. INTRODUCTION

The dream of manipulating particles in micrometer or
nanometer scales in colloidal solutions has come true with
the birth of optical trapping which employs a highly focused cw
laser beam to induce constant pN-scale gradient force sufficient
to trap the particles in three dimensions.1,2 This technique has,
therefore, been applied in many research fields, and it has been
showing tremendous, consistent, and increasing impacts in
physics, chemistry, biology, and material sciences.3−8 Although
there have been extensive applications, such as in particle
depositions,9−12 particle aggregations,6,13−15 polymerizations,16

and crystallizations,17−19 it has always been a challenge for
researchers to trap and manipulate single particles in nano-
meter-scales or even single macromolecules.20 One promising
method is to induce a higher intensity of electric field at the
diffraction-limited size of the focal spot, and it can be achieved
by substituting cw laser beam with ultrashort laser pulses that
possess impulsive peak powers.
The laser pulses have actually been applied in laser-induced

crystallization of urea,21 glycine,22,23 and lysozyme,24 revealing
that the laser pulses can also be used as a tool for controlling
nucleation and growth of the amino acid or protein crystals.
Optical trapping of single silica spheres with 1.28 μm in
diameter also indicated that the ultrashort laser pulses have an
ability to trap the microscopic particle equally to that of cw
laser.25 Notably, 3.3-nm-sized quantum dots were stably
trapped by picosecond (ps) laser pulses at the laser power as
low as 100 mW, but such optical trap could not be achieved by
cw lasers with such level of power.26 Those results provided a

hint that the advantages of optical trapping with laser pulses
over the cw lasers can be explored when the target particles are
in the Rayleigh regime.26 With this viewpoint, we have recently
shown larger number or higher optical trapping ability of 50-
nm-sized polystyrene or silica spheres upon replacing cw- with
femtosecond (fs) pulsed-mode laser as the trapping beam.27,28

Furthermore, optical trapping with fs lasers have shown some
astonishing features, including the split of trapping site of 60-
nm-sized gold nanoparticles into two off-axis positions due to
nonlinear optical effects29 and directional ejections of optically
trapped 50-nm-sized polystyrene spheres out of the trapping
site perpendicular to the polarization vector of the incident
laser beam.27,30

The directional ejections that can be controlled by the laser
pulses have been beyond the general consensus that nano-
particles are pushed in the direction of the propagating laser
light.31,32 Such ejections may also be important for manipulat-
ing the nanoparticles but are yet to be developed in a practical
application. In our earlier reports, theoretically, we have shown
that directional ejections of the nanoparticles can occur as a
result of dominating repulsive−over attractive-forces in the
directions perpendicular to the polarization vector.27,30 The
reasonable questions arise; e.g., how are the nanoparticles
ejected from the trapping site and what parameters can control
such directional ejections? On the basis of electromagnetic
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formulations, a multitude of parameters, such as the repetition
rate and pulse duration of laser pulses, as well as numerical
aperture of objective lens can greatly affect the repulsive and
attractive forces.27,30 In addition, we also consider that particle
density, particle size, particle assembly, and viscosity of the
colloidal solution are other prominent factors governing the
optical trapping and ejection dynamics, including the kinetic
motion, gathering, ejection, and directional migration of the
polystyrene nanoparticles.27,30 With the goal of elucidating the
detailed behavior of the repulsive forces, in this study we
examined experimentally the effects of important parameters on
the directional ejections; i.e., the pulse width of fs laser pulses
and particle density of the colloidal solution. We show how
those two parameters control the trapping of the nanoparticles
and govern their ejections from the trapping site. In general,
this finding thus provides information on a technique to control
the gathering and directional migration of nanoparticles by
focused laser pulses, and it may open the way to optically
controlled manipulation and sorting of nanoparticles from their
mixtures in polydisperse colloids.

2. EXPERIMENTAL SECTION
2.1. Experimental Design. In these experiments, we

employed an optical trapping system combined with dark-field
microscopy.27 In brief, a linearly polarized fundamental mode
from a Ti:sapphire laser (800 nm; 80 MHz), acting as a
trapping beam, was passed through a prism compressor, and it
was then focused by an objective lens (60×; NA 0.90) into a
sample cell mounted on the stage of an inverted microscope. At
the sample, the laser beam at the average power of 350 mW
(equivalent to a light energy of 4.38 nJ per pulse), was
concentrated on the diffraction-limited size of focal spot with
the beam waist being approximately 0.46 μm. This means that
the laser intensity at the focal spot is 527 GW/cm2 or
equivalent to a peak intensity of 6.59 kJ/cm2 per pulse.
2.2. Dark-field Microscopy. The dark-field microscopy

employs white-light illumination from halogen lamp (λ=400−
750 nm) through a dark-field condenser lens (NA 1.2−1.4).
With this optical setup, the same objective allows the imaging
of the trapped and ejected nanoparticles onto a regular charge-
coupled device (CCD) camera (JAI; CV-A55IR E) running at
30 interlaced frames per second. In order to clarify the ejected
nanoparticles, the regular CCD camera was replaced by a high-
sensitivity CCD camera (Flovel ADT-33C), which apparently
has the same detection area, but a smaller detection volume. In
all measurements, before the CCD camera, the elastic light
scattering originated from the laser trapping beam was
completely cut by a shortwave-pass filter with transmission at
λ = 380−720 nm (Semrock; Brightline 750/SP).
2.3. Sample Cell. 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 a colloidal solution of
polystyrene beads (PolyScience; diameter = 50 nm, refractive
index = 1.59 at 800 nm)33 suspended in distilled water
(refractive index = 1.33 at room temperature).
2.4. Pulse Width and Particle Density Parameters. The

pulse width, which influences peak power of the laser pulses,
was selected from 85 to 125 fs at fwhm by tuning the optical
cavity of the laser source and/or by optimizing the optical path
passing through the prism compressor. In these experiments,
the particle density in the colloidal solution was set at 3.8 ×
1014 particles/mL. The laser power at the sample was adjusted

at the same level (350 mW or 4.3 nJ/pulse) to ensure
equivalent light energy per pulse.
However, in experiments with different particle densities, the

pulse width was fixed at 90 fs and the particle density was varied
in the range of (1.1−15.2) × 1014 particles/mL or (1.1−15.2)
× 102 particles/μm3. For this range, the mean distance between
the centers of nanoparticles in the colloidal solutions was within
the range of 250 to 100 nm, respectively.

2.5. Data Analysis. With such an optical setup and
detection system mentioned in Sections 2.1 and 2.2, only the
probe light from halogen lamp scattered by the nanoparticles
was detected. The positions of the nanoparticles were
associated with the image of the Rayleigh scattering light
detected by the CCD camera. Thus, the numbers of
nanoparticles optically trapped at the trapping site and ejected
to the surrounding area were assumed to be proportional to the
scattering light intensity at and around the focal spot,
respectively. Effects of pulse width and particle density on the
optical trapping and directional ejection dynamics of the
nanoparticles were analyzed from successive images from
videos which were recorded for ∼120 s. For the sake of
repeatability, each experiment was carried out in three different
noise conditions, and all data were included in analyses. The
sample was then replaced by a neat solvent for baseline
corrections.

3. RESULTS
3.1. Pulse Width Dependence. In Figure 1, panels A and

B, we show two video images of optical trapping of the

nanoparticles with 85-fs laser pulses detected by the regular
CCD camera, indicating a bright spot at the beam center and
bright areas perpendicular to the polarization vector. The
profiles perpendicular to the polarization vector provide the
scattered light intensities of the bright spots and bright areas,
which are attributed to the optically trapped and ejected
nanoparticles out from the trapping site along two alternated
directions perpendicular to the polarization vector, respec-
tively.27

Figure 2 shows two halves of video images for different pulse
widths from 85 to 125 fs detected by using the high-sensitivity
CCD camera. As the detection volume is reduced, the bright

Figure 1. Two image frames (A and B) detected by a regular CCD
camera and line profiles perpendicular to the polarization vector
(indicated by an arrow along the x-axis) revealing optical trapping and
ejections of polystyrene nanoparticles alternated between two
directions perpendicular to the polarization vector. On the focal
plane, the Poynting vector of the beam propagating along the z-axis
decomposes into three orthogonal components (Sz: Sy: Sx) is
1:0.05:0.0025 for the objective NA 0.9.30,35 Pulse width is 85 fs fwhm.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp404372a | J. Phys. Chem. C 2013, 117, 19182−1918819183

http://pubs.acs.org/action/showImage?doi=10.1021/jp404372a&iName=master.img-001.jpg&w=239&h=128


spot is covered by the bright areas of scattered light from the
ejected nanoparticles. With this CCD camera, however, the
distance of their directional migrations out of the focal spot can
be more precisely observed. The intensity and size of the bright
areas related to number and length of the nanoparticles
migrating outside the trapping site are abruptly reduced when
the pulse width is widened. Typically, the maximum intensity of
the bright areas decreases from 138 to 95 and 37 au, while their
length decreases from 25 to 15 and 8 μm from the focus point,
when the pulse width is expanded from 85 to 100 and 125 fs,
respectively. This indicates that the number of nanoparticles
ejected out of the trapping site becomes smaller and that their
directional migration distances outside the focal spot area is
shrunk upon widening the pulse width. These findings, in turn,
indicate that the optical trapping and ejection dynamics are
definitely related to the impulsive peak power, not to the
average laser power.
3.2. Particle Density Dependence. As the directional

ejections of the nanoparticles are also considered as the
material-side phenomenon, the particle density in the colloidal
solution indeed governs the optical trapping and ejection
dynamics, as shown in Figure 3 for the trapping-time
dependence of the number of optically trapped nanoparticles
and the directional ejections. The upper panel A shows that, at
the particle density as high as 15.2 × 102/μm3, the trapping site
is getting filled rapidly by large numbers of nanoparticles within
few tens of ms and it is constantly filled up with the high
number of nanoparticles. At this circumstance, the nano-
particles are also continuously ejected out of the trapping site
along the two alternated directions perpendicular to the
polarization vector (lower panel A). The probability and total
duration of the two directional ejections almost balance each
other for a long observation window (∼120 s). Those optical

trapping and ejection behaviors are almost unchanged when the
particle density is decreased to 3.8 × 102/μm3, as shown in
panel B. Upon the dilution, however, it is notable that the
number of nanoparticles confined at the trapping site tends to
be lower, although the trapping site is also filled rapidly by large
number of nanoparticles within few tens of ms. The low particle
density also leads the number of nanoparticles at the trapping
site to be highly fluctuated. Such fluctuation is further
evidenced in panel C for particle density as low as 1.1 ×
102/μm3, in which the number of nanoparticles at the trapping
site stochastically appears at a high level before it turns abruptly
to a low level and it repeats in the same manner on subsecond
scales throughout the laser irradiation. Thus, the number of
trapped nanoparticles is likely fluctuated between the two
levels, resembling impulse diagram as a function of time.
Importantly, the directional ejections of nanoparticles out of
the trapping site take place only when the number of confined
nanoparticles is at the high level, or otherwise they are not
observed, as shown in panel C. This indicates that the
directional ejections occurred only when the number of
confined nanoparticles at the trapping site is above a certain
level. Original videos for data given in panels A, B, and C are
presented in V1, 2, and 3 of the Supporting Information.

4. DISCUSSION
4.1. The Competition between Repulsive and

Attractive Optical Forces. To evaluate pulse width depend-
ence of the optical forces, we recall their electromagnetic
formulations, which were derived from Lorentz force formalism
combined with Mie scattering theory.27,30 For the incident laser
pulse linearly polarized along the x-axis, propagating along the
z-axis, and tightly focused by a high NA objective lens, the
electric field at the focal spot is distributed into transverse and
longitudinal components, which can be derived using paraxial
approximation.34,35 With the three orthogonal vectors of
electric field at the focal spot, all gradient, scattering, and
temporal pulse radiation forces (denoted as Fgrad, Fscatt, Ftemp,
respectively) are acting in three-dimensions with components

Figure 2. Combined two halves of two different CCD image frames
detected by a high-sensitivity CCD camera indicating the different
directional migration distances of ejected polystyrene nanoparticles
out of the trapping site depending on the pulse width. The polarization
vector is indicated by an arrow in each row, and the pulse width of 85,
100, and 125 fs is indicated on the top of each column. The scale bar
of 10 μm is applied for all images.

Figure 3. Upper panels: Scattering light intensity at the focal spot at
different particle densities in the colloidal solution (Insets: scattering
light intensity at early 200 ms of trapping time). Lower panels: the
detected directional ejection of the nanoparticles out of the trapping
site in the directions perpendicular to laser polarization. The particle
density of nanoparticles is 15.2 × 102/μm3 for (A), 3.8 × 102/μm3 for
(B), and 1.1 × 102/μm3 for (C).
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along the x-, y-, and z-axis. Those optical forces as a function of
spatial positions in the focal spot, optical properties of the
nanoparticles, and the parameters of laser pulse are given by the
following:27,30
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where K is defined as K = 2/kw0. Here, k = 2π/λ is wavenumber
in the medium, nm is refractive index of medium, ξ = x/w0, η =
y/w0, and ζ = z/kw0

2 are the normalized spatial coordinates in
the focal spot, w0 is beam waist, and ω0 is carrier frequency of
the focused beam, σp = k2α4/6π is scattering cross section, α =
4πa3[((np/nm)

2 − 1)/((np/nm)
2 + 2)] is linear polarizability, a is

radius, and np is refractive index of the nanoparticles. The
impulsive peak power which is related to electric field at the
central intensity peak, E0, depends on incident laser power per
pulse, p, and pulse width, τ, as expressed by the following:

π ε τ=E p w n c1.7 /0
2 2

0
2

m 0 (2)

Detailed analysis of the optical forces with numerical
approaches has been discussed; by which we showed that
attractive force components spatially resolved in the directions
orthogonal to the polarization vector are completely overcome
by respective repulsive forces.30 Thus, nanoparticles optically
trapped at the focal spot can be uniformly kicked out by the
repulsive forces along the directions perpendicular to the

polarization vector of incident laser beam.27,30 With intense fs
laser beam at the focal spot we may consider further that
nonlinear optical effects such as third-order susceptibility or
electro-optic Kerr effects also occur, giving nonlinear terms of
polarizability in eq 1a−1c. The third-order susceptibility effect
has been observed and documented for gold nanoparticles,
resulting in two off-axis trapping sites separated a few hundreds
of nm from each other along the polarization vector.29 Thus,
with the similar level of laser power of the fs pulses, the split of
the trapping sites of the polystyrene beads may take place.
However, since a third-order nonlinear susceptibility of
polystyrene beads (∼2 × 10−10 esu) is 2 orders of magnitude
smaller than that of gold nanoparticles (∼5 × 10−8 esu),36 a
clear separation of the off-axis trapping sites of the polystyrene
beads is not resolved. The Kerr effect that modifies the index of
refraction and, hence, the direction of the light field, leading to
such off-axis ejection, requires higher-level theoretical works;
and it will be the subject of further study. Importantly, eqs
1a−1c and 2 suggest the models of the transient optical forces
and the impulsive peak power as a function of pulse width.
Since average laser power, hence laser power per pulse, is set to
be essentially the same, and since the impulsive peak power is
inversely related to the pulse width, the magnitudes of all the
optical forces are lower with widening the pulse width. Notably,
Ftemp is further reduced as this force is additionally inversely
proportional to the square of the pulse width (eq 1c). Thus,
Fgrad and Fscatt forces reduce by 15 and 32%, respectively, when
the pulse width increases from 85 to 100 and 125 fs, and at the
same conditions Ftemp force reduces by 40 and 70%.
The lower magnitude of Fgrad leads to a shallower potential

trapping well and, hence, results in fewer numbers of
nanoparticles optically trapped in the trapping site (Figure 2).
This normal feature is consistent with an abrupt decrease in the
scattering light intensity at the focal spot upon widening the
pulse width. More importantly, in optical trapping with laser
pulses, both the repulsive force, |Fscatt + Ftemp|, and ratio of the
repulsive to attractive force, |Fscatt + Ftemp|/|Fgrad|, depend on the
pulse width. As in our numerical approaches, we have shown
that |Fscatt| ≅ |Ftemp| ≪ |Fgrad|;

30 here we can estimate that, upon
widening the pulse width from 85 to 100 and 125 fs, the |Fscatt +
Ftemp| decreases by 27 and 50% and the |Fscatt + Ftemp|/|Fgrad|
ratio decreases by 14 and 27%. Considering that the ejection
and directional migration of the nanoparticles outside the focal
spot are strongly determined by the magnitude of repulsive
force in the front of the attractive forces in the trapping site, the
decrease in the |Fscatt + Ftemp| upon widening the pulse width
from 85 to 100 and 125 fs can be qualitatively accounted for the
shorter migration distance of the ejected nanoparticles by 28
and 68% (Figure 2). This finding clearly shows that the laser
pulses with widened pulse width are much more difficult to
eject the nanoparticles out of the trapping site.
It must be pointed out that at the pulse width longer than

125 fs, at which the |Fscatt + Ftemp|/|Fgrad| ratio is much lower
than that at 85 fs, optically trapped nanoparticles is detected
but the directional ejections of a discernible amount of
nanoparticles out of the trapping site are never observed,
similarly to the optical phenomenon with the cw lasers. Here,
we should note that since the optical trapping of nanoparticles
by the laser pulses is primarily related to the transient Fgrad,
Fscatt, and Ftemp forces, invoking not only the |Fscatt + Ftemp|/|
Fgrad| ratio but also the impulsive peak power of the laser pulses
as well as relaxation and thermal diffusion of the nanoparticles
during interval times between consecutive pulses, optical
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trapping dynamics of the nanoparticles by laser pulses with the
widened pulse widths should be distinct from that by the
conventional cw laser (by which Ftemp is naturally ne-
glected).27,30 This viewpoint has been demonstrated in optical
trapping of nm-sized quantum dots with laser pulses in ps
regime.26

Theoretical evaluation on the dynamic radiation forces
exerted on Rayleigh particles optically trapped by ultrashort
laser pulses with pulse width of 0.01−1 ps has been reported by
Wang et al.37 In the study, the dynamic radiation forces of Fgrad,
Fscatt, and Ftemp during the pulse width has been confronted with
other forces, including friction, thermal diffusion, and buoyancy
forces. The distribution of electric field at the focal spot by a
high NA objective, however, has been omitted and evaluation
of the dynamic radiation forces has been limited along the
beam axis. The important finding is that the pulse-width
dependence drastically appears for small-sized (5-nm) Rayleigh
particles, while the trapping behavior is independent of the
pulse width for large-sized (50-nm) Rayleigh particles. On the
contrary, by taking the distribution of electric field at the focal
spot, we found that the off-axis repulsive forces overcome the
gradient force, and the magnitudes of the optical forces are
determined by pulse width.27,30 In accordance with our
theoretical model, indeed experimental results show the optical
trapping and directional ejection of the large-sized (50-nm)
Rayleigh particles with clear pulse-width dependences.
4.2. Number of Optically Trapped Nanoparticles

Governing Their Ejections. The results presented in Section
3.2 vividly indicate that the optically controlled directional
ejection of nanoparticles is also the material-side phenomenon.
The key observation is that optically trapped nanoparticles are
ejected only when the number of nanoparticles in the trapping
site exceeds a certain level (Figure 3C). The existence of a
definite threshold may, therefore, reveal how the nanoparticles

are trapped and ejected out of the trapping site. Here, we
consider several physical parameters in the framework of the
particle dynamics, including attractive and repulsive forces,
thermal diffusion, and particle assembly, as follows.
The nanoparticles located within the focal spot area interact

with a transient electromagnetic field of each laser pulse, and
they are attracted to the beam center by the generated gradient
force particularly along the polarization vector. The force takes
place only during the ultrashort pulse duration, thus they would
be displaced in short distances in the close vicinity of the focal
spot. Considering the thermal diffusions, in 12.5 ns interval
time between two pulses, translocation of the nanoparticles was
estimated to be ∼4 nm2.27 Because the translocation is much
smaller than cross section of the trapping site, lw

2 ≅ 4 μm2

(where lw ≅ 5 × w0, lw is the width of the trapping potential
well, and w0 is the beam waist), the nanoparticles do not move
substantially from the trapping site during the interval time and
severe destabilization of the optical trapping due to thermal
diffusion can be excluded. This means that the transient
gradient force of each laser pulse can attract the nanoparticles
to the trapping site, and that the high-repetition-rate pulse train
(2.7 × 106 pulses per integrating time of a video frame)
accumulates a large number of nanoparticles in ∼1.2-μm3-sized
trapping site, which can be filled up roughly by at most 8 × 103

nanoparticles. It is noteworthy that the high particle density in
the focal spot can give rise to multiple scattering, but
approximation in eqs 1a−1c is limited on the optical forces
exerted on a single particle by the incident laser pulses without
considering the multiple scattering effects. Because such
evanescence fields of nondiffraction limited light can create
other optical attractive or repulsive forces,38 in addition to the
force directly exerted by the incident laser beam (eqs 1a−1c),
the particles may experience smaller optical forces induced by
the scattered light from other particles, giving rise additional

Figure 4. Models of optical confinement and controllable ejection dynamics of polystyrene nanoparticles by tightly focused ultrashort laser pulses
with polarization vector along the x-axis. A large amount of nanoparticles suspended in water solution (1) are accumulated by the pulse train with
high repetition rate and are compacted into a transient assembly in the micrometer-sized trapping site (2). When size of assembly reach a certain
level (3), parts of the assembly are ejected out from the trapping site along the −y (4) or +y-axis (4′) on the yz-plane, depending on asymmetric
shape of the assembly.
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forces to trap or eject the particles. Importantly, the highly
confined nanoparticles may optically form a transient assembly.
While further evaluations to resolve such assembly formations
by the laser pulses-trapping are desirable in the future, we recall
that by monitoring the diffusion constant of the optically
trapped dye-doped polystyrene nanoparticles under cw laser
trapping such assembly formations have been pointed out.14,15

Because the detected scattering light outside the trapping site is
attributed to assembly of a discernible amount of nanoparticles,
the current result indicates that whenever the trapping site is
filled up by a large assembly, parts of the assembly are ejected
by the repulsive forces and flow into the surrounding. As the
transient assembly does not necessarily have symmetric shapes,
the parts are ejected only in one direction at one time or in
opposite direction at the other time, as illustrated in Figure 4.
The balance of the two directional ejections in long observation
window indicates the same probability and equal repulsive
forces along the two opposing directions perpendicular to the
polarization vector, as predicted by the theoretical model.27,30

Subsequent filling of the trapping site after an ejection is the
key process to trap and eject large numbers of particles
continuously. The filling time is strongly governed by the
particle density. At high particle density, because of a sufficient
supply of nanoparticles to the trapping site, the ejection and
subsequent filling take place repetitively within time scales
much shorter than the integrating time of the video frame.
Thus, the formations of assembly and their directional ejections
are almost constant in each video frame. At lower particle
densities, as the probability of finding the nanoparticles around
the focal spot becomes lower, the supply of nanoparticles to the
focal spot is abruptly reduced. Subsequent filling of the trapping
site thus includes incubation times, which may invoke
movement of a large number of nanoparticles from the region
with higher density to the bleached area around the focal spot.
As the results, the formation of a large assembly has some
interval times and diffusions of nanoparticles by accompanying
microfluidic flow around the focal spot are suppressed. This
weak microfluidic flow, in turn, causes retrapping of the ejected
nanoparticles, as clearly indicated by higher fluctuations in the
number of optically trapped nanoparticles.

5. CONCLUSIONS

In this research, with image analysis of the Rayleigh scattering,
we have experimentally demonstrated the effects of prominent
factors governing the confinement and directional ejections of
polystyrene nanoparticles in the fs laser trapping. We
demonstrated that the pulse width is one of the key parameters
for control over the optical confinement and ejections of
polystyrene nanoparticles through the adjustment of the
magnitudes of transient optical forces as well as the ratio
between repulsive and attractive forces. We also found that the
directional ejections of the nanoparticles out of the trapping site
occurred when the number of confined nanoparticles exceeded
a certain level. This observation offers an interpretation that
particle density plays a critical role in subsequent filling of the
trapping site after the ejection, taking into account of
movement of a large number of nanoparticles from the region
with higher density to the bleached area around the focal spot.
Our future goal is to investigate the fs laser pulses trapping-
induced formations of transient assembly that may be
controlled by modifying the repetition rate of the laser pulses,
the results of which will be published in the near future.
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