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a  b  s  t  r  a  c  t

We  present  optical  trapping  behavior  of  50-nm-sized  polystyrene  beads,  suspended  in water  medium,
by femtosecond  pulsed  laser  beam.  In  addition  to a  higher  number  of nanoparticles  trapped  at  the focal
spot  by  the ultrashort  laser pulses  compared  with  that  by continuous-wave  laser,  the  nanoparticles  are
scattered  out of  the  focal  spot  by the laser  pulses  to the surrounding  area.  The  scattered  particles  form
a  partially  opened  folding  fan-shaped  bright  locus  in two  opposite  directions,  in  an  alternating  manner,
perpendicular  to  the  laser  polarization.  To  understand  those  phenomena,  we analyzed  radiation  (gradient
eywords:
ptical trapping
ielectric nanoparticles
orentz force

and scattering)  force  of femtosecond  laser  pulses  and  their  temporal  force  exerted  on  the  dielectric
spherical  nanoparticles  by  taking  into  account  the  impulsive  peak  power  and  the axial  component  of
electric  light  field  produced  by high  numerical  aperture  of  objective  lens.  We  show  that  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.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

One of the successful applications of mode-locked lasers is the
ltrafast time-resolved spectroscopies, which provide the absorp-
ion, vibrational, or emission spectra of atoms or molecules on
xtremely short time scales after their excitation with ultrashort
aser pulses. The research group of Prof. M.  Martin is one of pioneers

ho have utilized transient absorption spectroscopy to decipher
he dynamics and mechanisms of fundamental photo-induced pro-
esses [1].  Their reports on the insights of driving forces and
rimary occurring events in the photo-induced dynamics of various
hromophores, photoactive proteins, or biomimetics are important
dvances in our understanding of the photo-processes, particularly
he functionality of the biomaterials in relation with their electronic
tructures [2–7].

Another important laser application is optical trapping (also

alled optical tweezers), exploiting the optical gradient force, which
an confine micrometer to submicrometer-sized objects in the focal
pot [8,9]. In this phenomenon, a high numerical aperture lens
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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 micro-to-submicrometer sized dielectric or metal-
lic 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 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 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, includ-
ing 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 opti-
cal susceptibility of the target materials can modify the shapes of
gradient force and trapping potential [26]. More recently, the fem-

tosecond 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

dx.doi.org/10.1016/j.jphotochem.2011.11.015
http://www.sciencedirect.com/science/journal/10106030
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ushed away from the trapping site when the focal position was
hifted to its downstream surface due to secondary convergence of
he laser pulses that reduces water breakdown threshold [27].

In this article, we report on an experimental study exploring the
rapping behavior of the dielectric spherical nanoparticles (50-nm-
iameter polystyrene beads), suspended in liquid water medium,
y femtosecond laser pulses tightly focused by high numerical
perture lens. We  show that as compared with the cw mode, the
aser pulses can trap a larger number of nanoparticles. In addi-
ion, the laser pulses induce nanoparticle flows out of the focal
pot in two opposite directions, in an alternating manner, con-
rolled by the laser polarization. To understand this phenomenon,
e evaluate both radiation (gradient and scattering) and temporal

orces (the latter is also called pulse radiation force) by adopting
orentz force of fundamental Gaussian beam exerted on Rayleigh
articles [10,28], and by applying scattering cross section value of
he nanoparticles obtained based on Mie  theory [29]. We  demon-
trate that the axial electric field produced by the high numerical
perture objective lens is responsible for the present novel
henomenon.

. Experimental

.1. Optical setup

To experimentally exemplify the trapping behavior of the
anoparticles by femtosecond laser pulses, we developed an exper-

mental setup based on an inverted microscope (Olympus IX71),
s shown in Fig. 1. We  used a 800-nm fundamental mode of
i:sapphire (Tsunami; Spectra Physics) laser beam, which can be
perated in cw or femtosecond-pulse mode, acting as the trapping
eam. When it was operated in the pulse mode, the pulse dura-
ion was compressed by a pair of prisms to be about 90 fs, and the
epetition rate was 80 MHz. The polarization direction of the laser
eam was controlled by a half-wave plate before the beam was col-

imated and expanded to ∼5 mm in diameter by a pair of positive
enses with focal length being 100 and 200 mm,  respectively. The
eam then was focused through an objective lens (60×, NA = 0.90)
t normal incidence into a sample cell, which was  placed on the
ample stage of the microscope. The light power after the objective

ens was controlled in the range of 0.10–0.35 W.  The beam waist,

0, at the focal spot was calculated to be 460 nm,  equivalent to the
alculated radius when the beam intensity of its first Airy pattern
alls to 1/e2 of the maximum value.

ig. 1. Schematic diagram of the experimental set-up; �/2 is halfwave plate, BS is beam s
ontaining the colloidal solution of nanoparticles.
otobiology A: Chemistry 234 (2012) 83– 90

2.2. Sample cell and detection system

The sample cell consisted of a silicon chamber (1 mm thick-
ness) 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/cm3) suspended in
distilled water (refractive index = 1.33 at room temperature). Con-
centration of the polystyrene beads was 3.79 × 1014 particles/mL.
The refractive index of the polystyrene nanoparticles at 800 nm
wavelength was  calculated by Cauchy dispersion relation to be 1.59
[30].

The sample cell containing the dielectric spherical nanoparticles
was illuminated by white light (� = 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) cam-
era (JAI; CV-A551R E). With such a setup only the scattering light
from halogen lamp by the nanoparticles was collected by the objec-
tive 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 flu-
orescence 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 direc-
tion 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 �m).

3. Results

With the laser trapping beam operated in the femtosecond pulse
mode at the average power of 350 mW,  we  observed a brighter scat-
tering 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

plitter, and LPF is low pass filter. Inset is a schematic illustration of the sample cell
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Fig. 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 (� = 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
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o  the polarization direction are related to the two alternating directions of the sca
aser  beam at the same laser power. Arrow in the panel indicates polarization direc
irection.

o the polarization direction. Such the event occurred randomly,
nd simultaneous bright locus along the two opposite directions
ike a pair of two partially opened folding fans was never observed.
hus, we show the bright locus along the two opposite directions by
ombining two halves of different video frames in Fig. 2(a)–(c) (the
riginal videos are given in Videos S1−S3 in Supporting information
or more details). Since the scattering lights detected in the video
mage represent the positions of the nanoparticles, we  therefore
xtracted the profiles of scattering light intensity passing through
he focal center as shown in each panel. Such line profile parallel to
he polarization direction shows clearly a single sharp peak with an

pproximately 1.6 �m full width at half maximum at the focal spot,
hereas that perpendicular to the polarization direction indicates

he additional bright locus of scattered polymer beads along the two
pposite directions in an alternating manner. The intensity of the
g light. (d) An unstable and low scattering light intensity from the focal spot of cw
nd the line profiles were taken from parallel and perpendicular to the polarization

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 scat-
tering light at the focal spot was observed under the similar experi-
mental 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 Fig. 2(d) (the original video is given in Video S4 in Supporting
information). The line profiles passing through the focal center par-
allel 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
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ocus of scattered polymer beads from the focus spot is along the two  alternat-
ng left and right directions within the observation window of 120 s. Experimental
nformation for data shown in the figures (a) and (b) are related to those in Fig. 2(a).

rucial parameter to observe the bright locus. Under the laser pulses
t the average power of 350 mW,  the bright locus was  not observed
hen the colloidal solution was diluted by a factor of 4, equiva-

ent to the concentration of 0.95 × 1014 particles/mL. We  consider
hat, under the same optical conditions, the fourfold dilution led
o severe reductions in the trapping rate, size of trapped assembly,
nd number of scattered nanoparticles, giving no images of bright
ocus.

The temporal evolutions of scattering light intensity at the focal
pot when the laser beam was operated in femtosecond-pulse or
w mode are shown in Fig. 3(a). In contrast to high intensity of
cattering light when the laser beam was operated in the pulse
ode, low intensity, unstable, and fluctuated scattering light inten-

ity was observed under the cw mode. In comparison, the scattering
ight intensity is about one order higher when the laser beam was
perated in the pulse mode than that under cw mode.

Further, in Fig. 3(b) we  show the plot of the temporal random
istribution of the event, where the bright locus was observed along
ne of the two alternating directions perpendicular to the polariza-
ion of the femtosecond laser pulses, for the observation window
bout 120 s. The bright locus emerged in one direction on the time-

cale of seconds before they changed into the opposite direction,
nd they continued in the same way. The probability and total dura-
ion of the bright locus along the two alternating directions almost
alanced each other.
otobiology A: Chemistry 234 (2012) 83– 90

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 nanopar-
ticles 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 nanopar-
ticles 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
Fig. 2, indicates the possible of a single trap site at the focal spot.
Such a single trap site is commonly observed in conventional opti-
cal trapping experiments [8,32],  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 responsi-
ble and sensitive to split the trap site into two equivalent positions
shifted from the beam axis, the lower third-order susceptibility of
polystyrene nanoparticles (0.8 × 10−8 esu) [33] as compared with
that of gold nanoparticles (5 × 10−8 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, gradi-
ent force due to a steep gradient of optical 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 character-
istic stiffness of optical trap should be proportional to the laser
intensity, as it has been reported for the trapping laser in cw
mode [21,35]. For the ultrashort optical pulses, in particular, in
addition to the gradient and scattering forces, we  also have to con-
sider temporal force within the pulse duration, which is defined
as instantaneous Lorentz force at the time over the entire duration
of the pulse envelope [36–38].  In this case, the gradient force of
the laser pulses should overcomes the scattering and their tem-
poral 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 step-
wise 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 opti-
cally trapped nanoparticles. Nevertheless, based on the scattering
light intensity at the focal spot (Fig. 3(a)) we  could roughly esti-
mate the 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
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anoparticles along the way as they are observed in this present
ork, but since the laser pulses are repeatedly introduced at

he pulse repetition rate of 80 MHz  into the highly concentrated
anoparticles, we consider that multiple nanoparticles are scat-
ered with the high frequency on the same direction. With this

echanism, the stable quantity of nanoparticles at the trapping
ite is maintained, resulting in the constant intensity of line profiles
bserved at the trapping site, while multiple nanoparticles are
ontinuously scattered out of the focal spot making their motions
s a kind of nanoparticle flow, which is observed as the multiple
hooting stars from the focal spot to the surrounding area forming

 partially opened folding fan-shaped bright locus. Interestingly,
he nanoparticle flows are along two opposite directions, in an
lternating manner, controlled by the laser polarization. In the
ollowing, we show that such the polarization-controlled nanopar-
icle flows can be attributed to the existence of lateral component
f scattering and temporal forces.

.2. Radiation and temporal forces acting on a dielectric spherical
anoparticle

Let us consider the fundamental mode of Gaussian beam prop-
gating without distortion in a medium containing dielectric
pheres. The beam is tightly focused by a high numerical aper-
ure objective lens, converging to a near-diffraction-limited size
ith a focal waist being ω0, and then reexpanding. Here, we  con-

ider that Lorentz force acts on a dielectric spherical nanoparticle
ue to interactions between light electric field and induced dipole
oment of the polarizable dielectric sphere. The induced polar-

zation can be approximately expressed as, P = �E, where � is the
lectric susceptibility. For a uniform dielectric sphere, the suscep-
ibility is isotropic and the polarization P is parallel to E. Thus,
he gradient force, related to spatial Lorentz force, exerted on the
anoparticles can be expressed as [28]

grad = [P · −→∇ ]E = 1
2

˛
−→∇ |E|2 (1)

here  ̨ = 4�n2
mε0a3[(m2 − 1)/(m2 + 2)] is the polarizability of an

ndividual nanoparticle in the Rayleigh regime, ε0 is vacuum per-
ittivity, a is the radius of the nanoparticle, and m = np/nm is

he relative refractive index of the particle (np) to medium (nm).
nother component in the radiation force is the scattering force due

o momentum transfer of light exerting on the dielectric sphere, as
iven by

scatt =
(

nm�p

c

)
〈E × H〉t (2)

here �p is the scattering cross section of a nanoparticle, c denotes
he speed of light in vacuum, and 〈E × H〉t is the time-averaged
nergy flux of the laser pulses. The temporal force is given by
36–38]

temp = �0∂t〈P × H〉 = ˛�0∂t〈E × H〉 (3)

here �0 is vacuum permeability. The character and magnitude of
his temporal force depend strongly on the pulse duration [40], and
his force is obviously zero for the cw laser beams.

It is noteworthy that in our experimental case, for wavelength
f laser beam � = 800 nm and beam waist ω0 = 460 nm,  beam diver-
ence half-angle (defined as 
 = �/�nmω0) is calculated to be ∼24◦.
onsequently, the axial vector field of the plane-polarized Gaus-
ian beams tightly focused by such an objective lens can not be
eglected [41,42]. If we assume the focal plane is located at the xy-

lane (z = 0), and the carrier frequency and pulse duration of the

aser pulses is ω and �, respectively, the linearly polarized electric
eld parallel to the x-axis can be expressed as Ex0 = E0 exp[iωt −
2] exp[−t̃2] (where � = x/ω0 and t̃ = t/�). We  note that the electric
otobiology A: Chemistry 234 (2012) 83– 90 87

field along the y-axis is zero in the lowest order approximation of
the paraxial Gaussian beam [41,43], and the axial electric field along
the z-axis can be derived using Ez0 = (−i/k)∂xEx0, and one obtains

Ez0 = −iK� E0 exp[iωt − �2] exp[−t̃2] (4)

where k = 2�/� and K = 2/kω0. By considering that the axial com-
ponent is a phase quadrature, the electric field on the x-axis is given
by [26], E = E0(x̂ cos ωt + ẑK� sin ωt)  exp[−�2] exp[−t̃2] (where x̂ is
the unit vector along the x-axis, and ẑ is the unit vector of z-axis
or along the beam propagating direction). With the correspond-
ing magnetic field of the laser pulses, H = nmε0c(x̂Ez0 + ŷEx0), the
gradient, scattering, and temporal forces exerting on a nanoparti-
cle at the focal plane, as presented in Eqs. (1)–(3),  can be therefore
expressed as follows:

Fgrad = −x̂˛E2
x0

[
�

ω0
− 1

2
K2�

ω0
+ K2�3

ω0

]
(5)

Fscatt = ẑ

(
n2

m�pε0

2

)
E2

x0 + ŷ

(
K2�2n2

m�pε0

2

)
E2

x0 (6)

Ftemp = −ẑ 4  ̨ nmE2
x0

t̃

c�
− ŷ 4  ̨ nmE2

x0K2�2 t̃

c�
(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 Ex0 direction; along
the beam propagation direction and in the lateral y-axis. The magni-
tudes 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 forces in the term K2. It is there-
fore 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
3.85 × 10−34 N m3 V−2, and based on the Mie  scattering theory
[29] we obtained �p to be 3.5 × 10−19 m2. By adopting the values
of K ≈ 1.6/� for an objective lens with NA ≈ 0.9 [26,43] and E0 =
(4P/�ω2

0nmε0c)
1/2 = 24.4 V/�m,  (where P = 350 mW is the aver-

age power of the femtosecond laser, corresponding to laser power
intensity of 1.05 × 1012 W/m2 at the focal center), in Fig. 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/ω0. The lateral gradient force with
the maximum being 0.14 pN at x = 0.56ω0 (shown in Fig. 4(a)) acts
as a restoring force, which directs the nanoparticle towards the
beam center as commonly observed in conventional optical trap-
ping 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 = 0.71ω0, as shown in Fig. 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/� is plotted in Fig. 4(c). The plot reveals that
the temporal forces fluctuate within the pulse envelope (� = 90 fs),
similarly to the theoretical approach reported by Gordon [36] and
Wang and Chai [40]. At the 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 direc-
tions. 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
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f  the scattering force, Fscatt. (c) Axial (black) and lateral (red) components of the te
nd  temporal forces have been multiplied by a factor of 5. (d) A schematic illustrat
z = Ftemp ẑ + Fscatt ẑ. (For interpretation of the references to color in this figure legen

orce. Those gradient, scattering, and temporal forces are illustrated
ith a diagrammatic sketch in Fig. 4(d).

Considering that the optical trapping relies on the lateral gra-
ient force, and that the magnitude of the lateral gradient force
t the focal plane overcomes those of the scattering and temporal
orces, the optical trapping of 50-nm diameter polystyrene spheres
y the ultrashort laser pulses is realized. Such optical trapping
f the nanoparticles is also supported by the estimated poten-
ial energy to be 13.8 kBT (at 300 K) at the beam center, which is
bove the minimum criterion of a necessary potential energy to
vercome thermal energetic for a stable optical trapping (10 kBT)
8,28]. When the polymer nanoparticles escape from the optical
rapping potential, they are readily scattered out of the focal spot
y the resultant of axial and lateral components of both scattering
nd temporal forces. In particular, the lateral scattering and tem-
oral forces, which are much larger in the front of the gravity of the
anoparticle (6.9 × 10−4 fN), should control the nanoparticle flows

n the directions perpendicular to the light field polarization.

.3. Comparison between radiation forces on the nanoparticles in
emtosecond laser pulses and in CW laser

If the necessary potential energy of pulsed laser beams to trap
he nanoparticles is related to their average power, similarly to the
ase of cw laser beams, we estimated that, under our experimental
ondition, the axial optical trapping can be achieved at minimum
aser power of 250 mW.  This is in agreement with our observation

264 mW).  However, the optical trapping behavior of the nanopar-
icles by laser pulses dramatically differs from that by cw laser beam
n terms of the number of trapped nanoparticles and the existence
f scattered nanoparticles towards the directions controlled by the
al force, Ftemp. Note: for the sake of clarity, the lateral components of the scattering
 the gradient, scattering, and temporal forces. Note: Fx = Fgrad, Fy = Ftempŷ + Fscattŷ,

 reader is referred to the web version of the article.)

laser polarization. The higher number of nanoparticles trapped at
the focal spot (Fig. 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 aver-
age power of 350 mW,  the peak power of a single pulse is 4.9 nJ
and the number of photons per second is 1.11 × 1023, almost five
orders higher than that of cw mode (1.41 × 1018) 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, which requires 0.1 �J per pulse for 100 fs laser
pulses [44], generating shockwave emission and cavitation bub-
ble [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 femtosec-
ond 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 scatter-
ing and temporal forces during the short pulse irradiation play an
important role in the polarization-controlled nanoparticle flows.
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he temporal force, which is not available in cw mode, pushes
he nanoparticles in the fluctuating manner out of the focal cen-
er, inducing the dynamics of nanoparticle motion during the pulse
uration. The particle motions may  also induce convection of the

iquid medium. Thus, combination of attractive and repulsive forces
y the impulsive peak power, resulting in dynamic motions and
iffusions of nanoparticles around the focal spot, makes optical
rapping of laser pulses is more efficient than that of cw mode. In
ther words, under cw mode, the laser beam without modulation
esults in flat power, less controllable flows, less dynamic motions
nd diffusions of nanoparticles around the focal spot, and hence,
ess efficiency in optical trapping.

In order to evaluate whether a trapped nanoparticle can escape
rom the trap site by thermal motion during the pulse interval
eriod between two pulses, we have considered the diffusion
f a polystyrene nanoparticle in water. With 12.5 ns interval
etween two laser pulses (related to 80 MHz  repetition rate) and
iffusion coefficient in the order of ∼10−10 m2 s−1 for 57-nm diam-
ter polystyrene particle [48], we estimated the diffusion of the
anoparticles within the pulse interval period to be ∼4 nm2, which

s much smaller than the focal spot size. We  therefore could
xclude the severe destabilization of the optical trapping due to
he nanoparticle diffusion. Nevertheless, the diffusion during the
nterval between pulses may  be attributed to the fluctuation of
ccumulated nanoparticles at the focal spot as indicated by the light
ntensity fluctuation in Fig. 3(a). Since the existence of nanoparti-
le aggregate at the focal spot can distort the light electric field,
e proposed that a certain macroscopic shape of the accumulated
anoparticles allows the nanoparticle flows in one direction and
he other shape in another direction. In this current experimen-
al case, such a transition from one to another macroscopic shape
f the accumulated nanoparticles takes place on the time-scale of
econds, not on the time-scale of the pulse duration. This also indi-
ates that the change or destabilization of macroscopic shape of
he accumulated nanoparticles is much slower than the fluctuation
n the number of the optically trapped nanoparticles. The discrete
robability distribution of the nanoparticle flows in one of the two
pposite directions can be considered as a Poisson distribution.

Further, we interpret that pulse duration and repetition rate of
aser pulses will be important parameters governing and bring-
ng about the efficient optical trapping and polarization-controlled
cattering of the dielectric spherical nanoparticles. This interpreta-
ion is in contrast to the optical trapping of 0.78 or 1.28 �m silica
pheres, in which the optical trapping of the submicro- or micro-
articles by femtosecond laser pulses were reported to be just as
ffective as those by cw laser mode, and the optical trapping is
ndependent on pulse duration within 12–40 fs over the repeti-
ion rate of 80 MHz  [23,38]. This can be understood as we have
nterpreted our results based on instantaneous force on the 50-
m sized Rayleigh particles instead of total impulse transfer by
he laser over the repetition cycle on such micron-sized particles,
hich are much larger than the beam waist implemented in those

eports [23,38]. Finally, experiments with varying repetition rate
nd pulse duration of laser pulses, in addition to anisotropy, the
oncentration of the colloid, and the intrinsic polarizabilities of the
ayleigh colloidal particles as extensions of our current study are

n progress in our laboratory, pursuing generality of the trapping
nd polarization-controlled scattering of dielectric nanoparticles
y the tightly focused laser pulses, and the results will be reported
lsewhere in near future.

. Conclusion
We have presented optical trapping behavior of 50-nm sized
ielectric spherical nanoparticles by the tightly focused ultrashort

aser pulses. In addition to the single optical trap at the focal spot,

[
[

[
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the nanoparticles were also scattered from the focus spot to the sur-
rounding area forming a partially opened folding fan-shaped bright
locus in two  opposite directions, in an alternating manner, perpen-
dicular 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 tem-
poral 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 nanopar-
ticle assembly as well as for separation and sorting of nanoparticles
with either different polarizabilities or scattering cross sections.
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