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Abstract: We investigate the effects of pulse duration on optical trapping
with high repetition rate ultrashort pulsed lasers, through Lorentz-Mie
theory, numerical simulation, and experiment. Optical trapping experiments
use a 12 femtosecond duration infrared pulsed laser, with the trapping
microscope’s temporal dispersive effects measured and corrected using the
Multiphoton Intrapulse Interference Phase Scan method. We apply pulse
shaping to reproducibly stretch pulse duration by 1.5 orders of magnitude
and find no material-independent effects of pulse temporal profile on
optical trapping of 780nm silica particles, in agreement with our theory
and simulation. Using pulse shaping, we control two-photon fluorescence
in trapped fluorescent particles, opening the door to other coherent control
applications with trapped particles.
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1.

Introduction

The exertion of forces upon mesoscopic particles by optical fields has been at the heart of
many advances across all of the sciences in the last four decades. In particular, optical trapping
allows the contact-free manipulation of microparticles by light. The calibratable nature of such
optical traps has enabled ultra-precise measurements of the dynamics of macromolecules[1].
More generally optical forces may be used for studies within microfluidic environments, of
fundamental aspects of optical fields and their angular momentum and within cell biology[2].
Extending the number and form of each optical trap can lead to the generation of potential
energy landscapes. The interplay of optical forces and those from fluid flow and hydrodynamics
may lead to the realization of optical sorting[3]. Extending the number and form of each optical
trap can lead to the generation of potential energy landscapes. Such landscapes may be created
by the use of rapidly scanning the incident light field (i.e. time-sharing the trapping beam) or
they may be created interferometrically using diffractive optical elements, for example spatial
light modulators[4, 5].
A set of key choices lie at the heart of a basic optical tweezers system: in addition to the
high numerical aperture objective lens used to obtain a tightly focussed beam, the choice of
laser is crucial. Naturally the choice of laser wavelength is critical for minimising damage to
the trapped particle: this is particularly pertinent when considering biological material. Thus the
most widely used laser sources have typically been continuous-wave (CW) near-infrared lasers.
However, the last decade has seen an increasing use of pulsed and broadband lasers instead of,
or in addition, to CW sources. This potentially offers the ability to observe nonlinear effects or
perform spectroscopy in combination with optical trapping. Pulsed lasers offer extremely high
peak powers at lower average powers, and therefore allow access to multiphoton processes
that would otherwise require very high average powers. These effects become dramatic for
ultrashort pulsed lasers, typically employing lasers in the femtosecond region of 100fs or less
in pulse duration. A range of experiments have been performed exploiting these properties[617].
The very nature and form of the optical forces generated from pulsed lasers versus their
CW counterparts remains an interesting topic in the literature. The peak power of a pulsed
laser source has been used in separating stuck particles from surfaces. This phenomenon was
theoretically modelled in a paper by Deng et al[18], who calculated that the peak gradient force
during a laser pulse was enough to overcome the binding interaction between a particle and
a glass surface. Ambardekar et al used a microsecond pulsed laser to separate adsorbed 2µ m
polystyrene beads and yeast cells from their substrates[19], which they attributed to the high
peak gradient force of their pulsed laser. Pan et al used a picosecond pulsed laser source of
120-140mW average power for axial guiding and 2D trapping of clumps of 3-4nm quantum
dots[20]. Although they showed no experimental data attempting to trap the quantum dots with
a CW source of the same average power, they calculated that trapping would be not possible
in a CW source of less than 20W power. Their calculations demonstrate the impressive peak
gradient forces created by pulsed lasers, but only consider peak trapping force, not total trapping
force over the laser’s repetition period. An alternate explanation of their success in optical
trapping might be the presence of optical binding effects within the clusters of trapped quantum
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dots. It is to be noted that related experiments trapped quantum dots using continuous wave light
sources subsequent to this work[21].
Wang and Zhao explored theoretically the trapping of Rayleigh sized particles with pulsed
lasers and also calculated an extremely high peak force[22], especially in the axial direction,
although they did not examine total momentum tranfer over a pulse’s repetition cycle. Their
calculations indicated no major material dependence or wavelength dependence. An experimental comparison of the trapping force for a CW source and a pulsed femtosecond laser of
the same average power was reported in 2004 by Agate et al.[9]. They recorded Q values for
the trapped 1.28µ m silica microspheres and found no appreciable difference between them for
the cases of a CW source and the pulsed laser source, for trapping. Most recently a study has
shown stable optical trapping of nanoparticles with a pulsed laser field[23]. Thus some results
in the literature indicate that there may be a difference in trapping with CW versus trapping with
pulsed light fields. Naturally the high peak powers of pulsed lasers allow access to materialdependent or medium-dependent nonlinear processes, which may have an appreciable effect
on optical micromanipulation. To date there remains an uncertainty as to whether there are
material-independent optical trapping effects that depend on peak power rather than average
power; that is, whether pulsed lasers behave differently from CW lasers in optical trapping. If
optical trapping is independent of the laser’s temporal characteristics, then it should be possible to use advanced pulse shaping methods for spectroscopic techniques on trapped particles,
without affecting the trapping process itself. Here we aim to address this question.
We present a detailed theory for optical trapping that is applicable at all size scales for a
trapped particle with respect to the trapping laser pulse duration. We consider the case where
the laser repetition rate is high enough to ignore any artifacts due to particle diffusion. Our theoretical derivation shows no effect on trapping efficiency due to pulse duration. By implementing an in situ pulse compression system in conjunction with a 12fs source we experimentally
support this conclusion by determining trap stiffness for trapped dielectric microparticles for
pulse durations ranging from 12fs to 500fs and show no appreciable difference. In addition to
the high peak powers, a significant feature of ultrashort pulses is their broad bandwidths that
may be used for pulse shaping: ultrashort lasers with carefully controlled spectral phase across
their broad bandwidths are used to produce highly-selective nonlinear effects. We conclude
by demonstrating the first use of pulse shaping in conjunction with optical trapping, exploring
two-photon excitation in dyed trapped microspheres.
2.

Theory

This section outlines theoretical arguments demonstrating that optical trapping does not depend
on the duration of a pulsed laser, but only on the laser’s frequency spectrum. In other words,
trapping with a pulsed laser source should be equivalent to trapping with a CW laser source
with the same bandwidth and average power. Here, we assume that pulse repetition rate is high
enough that the particle does not diffuse significantly between pulses; for very low (less than
around 1kHz) repetition rates, external effects such as Brownian motion will play a role[24].
We also assume that scattering is not intensity dependent.
2.1.

Momentum and impulse transfer

Consider a laser pulse whose electric and magnetic fields E(x, y, z,t) and H(x, y, z,t) are both
position, time-dependent and real. Assuming that the electric and magnetic fields have the same
time dependence, we can decompose the pulse into two separate parts as follows:
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E(x, y, z,t) = E (x, y, z)a(t)
H(x, y, z,t) = H (x, y, z)a(t)

(1)

In the frequency domain these are expressed as:
ˆ

∞

E(x, y, z,t) = E (x, y, z)

â(ω )e−iω t d ω

−∞
ˆ
∞

H(x, y, z,t) = H (x, y, z)

â(ω )e−iω t d ω

(2)

−∞

where, â(ω ) is the Fourier transform of a(t). The effect of the pulse on the scattering particle
is defined by the electromagnetic force density
fi = ∂ j Ti j − ∂t gi

(3)

which gives us the amount of force exerted by the laser pulse’s electromagnetic field in an
infinitesimally small volume within the particle, at a given point in time. We write these expressions in compact form using Einstein summation convention. In this convention, writing
∂ j Ti j is equivalent to writing ∑ j=1,3 ∂ j Ti j = ∂x Tix + ∂y Tiy + ∂x Tiz [25, 26]. fi is composed of two
terms, both dealing with momentum transfer from the pulse to the particle (as evidenced by a
change in momentum or in momentum density). The first term corresponds to Maxwell’s stress
tensor and defines the influx of optical momentum per unit of time
1
Ti j = Ei D j + Hi B j − δi j (Ek Dk + Hk Bk )
2

(4)

and the second term arises from the variation in electromagnetic momentum density
gi = εi jk D j Bk

(5)

Here, Di = εr ε0 Ei (electric displacement), and Bi = µr µ0 Hi (magnetic flux). εr is the relative
dielectric constant, ε0 is the permittivity of free space, µr is the relative permeability, and µ0 is
the permeability of free space. Here εikl is the Levi-Civita totally antisymmetric pseudo-tensor
of third rank defined by εi jk = sgn(i − j) sgn( j − k) sgn(k − i) with the function sgn representing
the sign function.
To calculate the total optical force exerted by the pulse on the entire particle, over the entire
duration of the pulse, we need to integrate equation (3) over the particle’s volume, and over
time. So that we may discuss the answer in terms of average force exerted, instead of assuming
a single pulse and integrating from −∞ to +∞ , we assume a train of pulses where the pulse
repetition period ∆t is much larger than the pulse duration. The momentum density gi term of
fi cancels out during this integration:
ˆ ∆t
∂t gi dt = gi (∆t) − gi (0)
(6)
0

and gi (∆t) = gi (0) since there is no field at time 0 and ∆t. We are left with an expression for
the average optical force that contains only the Ti j term:
ˆ
1 ∆t
< Fi > =
fi dV dt
∆t 0
ˆ ˆ
1 ∆t
=
Ti j ds j dt
(7)
∆t 0 S
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The second equation includes a surface integral evaluated on a closed surface S surrounding the
particle, with ds j = n j ds being a unit vector normal to the surface pointing outwards. Inserting
equation (4) into equation (7) gives us
ˆ ˆ ∆t
1
< Fi > =
Ti j dtds j
(8)
∆t S 0
¸
ˆ ˆ ∆t ·
1
1
=
Ei D j + Hi B j − δi j (Ek Dk + Hk Bk ) dtds j
(9)
∆t S 0
2
·ˆ ˆ ∆t
¸
ˆ ˆ ∆t
1
=
Ei D j dtds j +
Hi B j dtds j + . . .
(10)
∆t S 0
S 0
Next, we examine the first term in equation (10). Similar arguments will hold for all the other
terms as they are all quadratic in the electric and magnetic field components. Using equation
(2), this term can be rewritten as
ˆ ˆ ∆t
ˆ ˆ ∆t
Ei D j dtds j = εr ε0
Ei E j dtds j
S 0
S 0
¶µ ˆ ∞
¶
ˆ ˆ ∆t µ ˆ ∞
= εr ε0
Ei
â(ω1 )e−iω1 t d ω1
Ej
â(ω2 )e−iω2 t d ω2 dtds j
S 0

ˆ
= εr ε0

S

ˆ

Ei E j

∞

−∞
∞

·ˆ

ˆ

−∞ −∞

â(ω1 )â(ω2 )

−∞

∆t

−i(ω1 +ω2 )t

e
0

¸
dt d ω1 d ω2 ds j

Now using our earlier assumption that the time ∆t between pulses is very long, we can use a
property of the Dirac delta function
ˆ +∞
(11)
e−iω t dt = δ (ω )
−∞

to simplify further:
ˆ ˆ τ
Ei D j dtds j
S 0

ˆ
= εr ε0

ˆ
S

Ei E j

ˆ
= εr ε0

S

Ei E j

∞

ˆ

∞

−∞
ˆ−∞
∞
−∞

â(ω1 )â(ω2 )δ (ω1 + ω2 )d ω1 d ω2 ds j

â(ω1 )â∗ (ω1 )d ω1 ds j

where we used Hermitic symmetry â(ω1 ) = â∗ (−ω1 ) because a(t) is real. Note that â(ω1 ), the
laser’s spectrum, is multiplied by its complex conjugate, eliminating any contributions from
the laser’s spectral phase. This means that the Ei D j term in equation (9) depends only on the
magnitude of the laser pulse’s spectrum, not on its phase. This is valid for each one of the terms
in equation (9). Therefore, the spectral phase (or equivalently temporal shape or duration) of
the pulse does not affect the average optical trapping force. These conclusions are supported by
the numerical simulations and experimental work presented below.
In these arguments, our primary interest has been to determine whether pulse duration has
any material-independent effect on optical trapping. We have therefore made a few assumptions
about material properties such as refractive index, which are valid for the majority of materials,
but to which interesting exceptions might be found. For example, we have assumed that the
particle has not changed position or shape during the pulse’s duration. Indeed, these effects
propagate with the speed of sound while the optical pulse propagates with the speed of light,
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and as such the particle is stationary during the duration of an ultra-short pulse[27]. We have
also ignored material-dependent effects such as optical Kerr effects, optical gain, or damage to
the trapped particle.
2.2.

2D simulation

In the previous section we have shown that, in the linear regime, the amount of impulse transferred from the optical pulse to the scattering objects is independent of the spectral phase of the
pulse. Here, we visualise this effect by considering chirped pulses having the same spectra and
defined by:
p
¡
¢
a(t) =
T0 /T exp(−t 2 /T 2 ) cos bt 2 − ω0t
(12)
r
µ
¶
1
T0 T
T 2 (ω − ω0 )2
â(ω ) =
exp −
+ c.c.
(13)
2
2 2 − 2ibT
4 − 4ibT 2
q
where b = T 2 − T02 /(T0 T 2 ) and where c.c. stands for complex conjugate. The parameter
T0 corresponds to the time duration of the transform limited pulse which is the shortest pulse
possible having the same spectral bandwidth. The parameter T gives the actual pulse duration
including the spectral chirp.
For the numerical simulation, we consider the optical impulse transfer from a linear polarised
pulse that has translational invariance in the z direction to an infinite cylinder with its axis
also along the z direction. The pulse is focussed in the centre of the cylinder having an index
of refraction n = 1.5 in vacuum. The total force acting on the cylinder can be calculated by
integrating the force density on the volume of the cylinder, V ,
ˆ
Fi (t) =
(∂ j Ti j − ∂t gi ) dx3
(14)
V

Because of the translational invariance, this integral can be assessed by integrating on the area
of the cross section of the cylinder and equating this with the force per unit length. Using this
Maxwell’s stress tensor approach as outlined above, and using vectorial notation to simplify the
expressions, we calculate the time dependent total force acting on the object to be
ˆ
1
F(t) =
(D · ∇)E + (B · ∇)H − ∇(D · E + B · H) − ∂t g dx3
2
ˆV
ˆ
1
=
(D · n)E + (B · n)H − (D · E + B · H)n ds − ∂t g dx3
(15)
2
S
V
where we arrived at the second form using numerical integration. Here, it is important to note
that the integral needs to be calculated on the surface of the object using the fields outside the
object.
To further verify our approach, we have implemented three additional methods to calculate
the optical impulse transfer. The first two correspond to different ways to calculate the Lorentz
force[28, 29] acting on the electric currents and charges due to the induced polarisation P =
(εr − 1)ε0 E.
ˆ
F(t) =
(P · ∇)E + ∂t P × µ0 H − ∂t g dx3
(16)
V
ˆ
=
−(∇ · P)E + ∂t P × µ0 H − ∂t g dx3
(17)
V
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The third method can be seen as giving a different insight into where the momentum transfer
actually takes place. Within this form, the momentum transfers only occurs at interfaces where
light is scattered[30].
ˆ
ε0
F(t) =
− (E · E)∇εr − ∂t g dx3
(18)
2
V
This expression can be generalised to the case of an absorbing object where additionally momentum transfer also occurs in the bulk material corresponding to the momentum loss due to
the bulk absorption of the electromagnetic fields[31].
Finally, the time dependent momentum or impulse transfer for the pulse arriving around t = 0
is given by
ˆ t
S(t) =
F(τ ), d τ
(19)
−∆t/2

where we considered the integral of the instantaneous force from τ = −∆t/2 (instant in the
middle between two successive pulses) to the time instant t.
We calculate this time dependent impulse transfer for all four methods as shown in Figure
1, where we compare a transform limited pulse with a duration of 12fs to a chirped pulse
with a duration of 40fs. Here, we have considered both the scattering force on the cylinder
and the trapping force acting on the cylinder in the direction perpendicular to the direction of
propagation of the pulse. We observe that these four methods of calculating the impulse transfer
give the same total impulse with different transient behaviours. The origin of the variation is that
each of the four different methods imply a different impulse transfer mechanism. In effect, each
assume a different split between the momentum travelling with the electromagnetic fields and
the momentum temporally stored in the material polarisation. Indeed, Maxwell’s stress tensor
approach corresponds simply to a momentum balance relation showing the impulse lost in the
scattering process. In itself it does not give any insight on the mechanism of the momentum
transfer. In contrast to Maxwell’s stress tensor, the two versions of the Lorentz force and the
surface force localise the instant and position of the momentum transfer. These three methods
split the momentum inside the object differently, between the electromagnetic momentum and
the momentum of the induced polarisation which travels together with the pulse but is not
transferred to the object. In summary, we have used four different methods to calculate the time
dependent impulse transfer, and have found that the total impulse (and therefore total trapping
force) is the same regardless of pulse duration.
3.
3.1.

Experiment
Optical trapping experiment

We performed our experimental investigations of the effects of pulse duration on optical trapping using a homebuilt inverted optical trapping microscope (Figure 2). The trapping beam
is an 80MHz Ti:Sapphire system from FemtoLasers (FemtoSource Scientific Pro), centered at
approximately 800nm and capable of producing 12fs pulses. Before entering the trapping microscope, the beam passes through a 640-pixel one-dimensional spatial light modulating pulse
shaper, custom built by Biophotonics Solutions, Inc. This pulse shaper is used to implement
the Multiphoton Intrapulse Interference Phase Scan algorithm for dispersion measurement and
compensation, as described in Section 3.2 below. The beam passes through a circular polarizer
and is sent to the sample plane via a dichroic mirror. A 100x 1.40NA oil immersion objective
(Nikon Plan Apo DIC H) forms the optical trap. Transmitted laser light from the sample plane
is collected through a 0.65NA 40x Nikon E Plan objective, and loosely focused onto a quadrant
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Impulse (a.u.)

Impulse (a.u.)

(a)

(b)

40fs

(c)

Impulse (a.u.)

Impulse (a.u.)

12fs

(d)

40fs

12fs
Time (fs)

Time (fs)

Fig. 1. Optical impulse transfer to a scattering cylinder by a 12fs (a,c) and a 40fs (b,d)
Gaussian beam pulse, as a function of time. Red curves correspond to Maxwell’s stress
tensor integral (15), green to the first Lorentz force method (17) and blue to the surface
force (18) and a second Lorentz force method (16) which are identical in this configuration. The black horizontal line corresponds to total impulse transfer per pulse, which is
identical for all pulse durations and all calculation methods. (a,b) Impulse originating from
the scattering force on a centred cylinder and (c,d) impulse originating from the radial trapping force calculated by displacing the cylinder laterally with respect to the axis of the
beam.

photodiode (QPD) using a series of two lenses, for back focal plane interferometry-based position sensing[32]. The 40x objective also illuminates the sample from above, when desired; the
dichroic mirror passes this illumination (as well as a small portion of back-reflected laser light)
through a 200mm tube lens, which images the focal plane onto a CCD camera.
We also have the capacity to detect fluorescence from the trapped particles, used in our experiments on pulse shaping control of multiphoton excitation. Below the dichroic mirror is a 50/50
beamsplitter that sends half of the illumination/fluorescence to a spectrometer consisting of a
Jobin-Yvon Triax 550 monochromator, coupled to a Jobin-Yvon Symphony Solo CCD camera.
A demagnifying telescope consisting of a f1 = 200mm and a f2 = 100mm lens decreases the
diameter of the signal beam by a factor of 2, and a short-pass filter (Comar GK 575) removes
any remaining back-reflected laser signal. A 50mm lens focuses the signal onto the entrance
slit of the spectrometer.
3.2.

Dispersion measurement and compensation

To explore the effects of pulse duration on optical trapping, we need reproducible control over
the temporal profiles of our pulses. Temporal dispersion is an effect by which laser pulses are
stretched as they travel through optical media, owing to differences in refractive indices over the
pulses’ bandwidths. This effect is particularly dramatic for ultrashort pulses, whose durations
can increase by several orders of maginitude by the time they reach the focal plane of a trapping
microscope.
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Fig. 2. Experimental setup, consisting of an ultrashort pulsed laser, a pulse shaper, and a
homebuilt optical trapping microscope. The laser is a 800MHz 800nm Ti:Sapphire system
capable of producing 12fs pulses. Before entering the microscope, the beam travels through
a pulse shaper (BioPhotonic Systems, Inc), containing a 640-pixel spatial light modulator (CRi), used to implement the Multiphoton Intrapulse Interference Phase Scan (MIIPS)
method of dispersion measurement and compensation. The optical trapping microscope has
quadrant photodiode (QPD) position detection, white light illumination, CCD imaging, and
a spectrometer for detection of fluorescence signal at the sample plane.

The dispersion in an optical system, if precisely known, can be compensated for by manually
pre-dispersing the laser pulses with the opposite dispersion, so the net dispersion at the sample
is zero. Measuring and compensating dispersion is not straightforward, due to the extremely
short timescales involved and the complex wavelength dependence of refractive index for the
various materials and coatings within an optical system. The problem is compounded for microscope systems, due to geometrical restrictions and the magnitude and complexity of dispersion
these systems introduce. It has only recently been possible to completely compensate for all
orders of dispersion in a microscope system.
We use the MIIPS (Multiphoton Intrapulse Interference Phase Scan) method[33, 34, 35]
to measure and eliminate dispersion in our optical trapping microscope, achieving approximatively 12fs pulse durations at the sample plane. The MIIPS measurement requires a pulse shaper
to be placed somewhere in the beam path before the sample plane, and a method to measure
the laser’s second harmonic spectrum at the sample plane. In our case, we use a thin BBO
crystal to generate the second harmonic and a fiber spectrometer (Ocean Optics) for the spectral measurement. The measurement must be repeated every time optics are added or removed
from the beam path, as well as at least daily to compensate for shifts in the laser cavity’s dispersion. The successful elimination of dispersion in our optical trapping system, representing the
first use of MIIPS in an optical trapping system as well as the shortest pulse duration used for
optical trapping by an order of magnitude, has been described elsewhere[36]. Compared to our
uncompensated pulses, our dispersion-compensated pulses are shorter by roughly two orders
of magnitude. Although average power remains the same, the dispersion compensated pulses
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produce nonlinear signal that is much higher and more reproducible[36]. In this work, we use
the dispersion-compensated pulses as a starting point for our pulse shaping experiments.
3.3.

Pulse shaping

Starting from dispersion-compensated pulses as a blank slate, we use the MIIPS pulse shaper to
reproducibly control the pulse temporal profile at the trapping plane. The range of pulse shapes
that we could implement in this fashion is almost limitless; in these studies, our aim was to
decrease peak power while leaving the pulse’s average power and spectrum unchanged.
The most straightforward method of stretching the pulse is to add positive or negative 2nd
order dispersion (also known as GVD, or a quadratic phase function). The advantage of using
2nd order dispersion to increase pulse duration is that the time profile is stretched without
changing shape; likewise, the efficiency of multiphoton excitation is decreased monotonically
for all wavelengths.
We calculated the pulse durations resulting from various amounts of 2nd order dispersion
using inverse Fourier transform, given the test phase function and the fundamental spectrum of
the laser. We chose 2nd order dispersion amounts that would produce pulse durations approximately evenly spaced in log scale; these phase functions are of the form φ (ω ) = 12 γ2 (ω − ω0 )2 ,
where γ2 is the amount of 2nd order dispersion in fs2 , and ω0 is the centre frequency of the phase
function. In our case, ω0 was chosen to be 2.48 1015 rad/s (corresponding to λ0 = 759.11nm).
Table 1 shows the γ2 used, along with the resulting pulse durations.

γ2 (fs)2
0
96
117
180
242
337
625
1530

Duration (fs)
12.9
20.0
30.0
50.2
70.0
99.9
200.0
500.2

Table 1. Amount of 2nd order dispersion used to produce desired pulse durations. γ2 is the
amount of 2nd order dispersion in fs2 , and ω0 is the centre frequency of the phase function.
In our case, ω0 was chosen to be 2.48 ∗ 1015 rad/s (corresponding to λ0 = 759nm). The
resulting FWHM pulse duration (assuming a roughly Gaussian time profile) is calculated
using inverse Fourier transform.

3.4.

Effect of pulse duration on measured trap stiffness

For each pulse duration produced as described in Section 3.3, we trapped single 780nm diameter silica particles at 47mW average power, as measured at the sample plane using the
double objective method[37]. The positions of the trapped silica particles were monitored over
6.7 consecutive seconds at an acquisition rate of 30,000 samples/second for each of the four
quadrants of the QPD. This position measurement was repeated six consecutive times for each
of three different silica particles (giving a total combined acquisition length of 40 seconds for
each particle). We used our own Mathematica program to calculate the power spectra in x, y,
and z of each 40 second acquisition and fit a Lorentzian curve to these power spectra. For a
description of the power spectrum fitting, as well as example power spectra, see reference [36].
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Fig. 3. Measured trap stiffness of 780nm diameter silica particles in the x, y, and z directions, trapped in 3D using a pulsed 780nm Ti:Sapphire laser. Each data point shows
the average of a 40 second acquisition for each of three trapped particles. Pulse duration
was varied from 12fs to 500fs using positive 2nd -order phase modulation in addition to a
phase function that compensated the measured dispersion of the system. For all measurements, the average power at the sample plane was 47mW. The lines show the trap stiffness
(fN/nm): x: 58.6±0.6, y: 64.1±0.6, z: 10.9±0.1. The fluctuations of the trap stiffness are
about 10% over the whole range of pulse duration considered.

We repeated this measurement for three particles, and the average trap stiffness in x, y, and z
for these three trials is shown in Figure 3.
From Figure 3, it is evident that although pulse duration was changed by roughly 1.5 orders
of magnitude, trap stiffness remained unchanged to within 10%. Trap stiffness in the x and y
(transverse) directions increased slightly, but this increase is very close to the fit error. Trap
stiffness in the z (axial) direction was unchanged within experimental error. Average power
remained the same in all cases. This observation indicates that in the absence of materialdependent effects, optical trapping in x, y, and z depend on average power rather than peak
power.
We remark, here, that our theoretical approach and experimental observation lead to a different conclusion than the one reached by Wang et al[22]. This can easily be explained when
considering the difference between instantaneous force and impulse transfer from a laser pulse.
Fig. 4a shows the peak axial force acting on a Rayleigh particle originating from a Gaussian
laser pulse. For this simulation, we used the same parameters and theoretical framework as the
one presented by Wang et al[22] and indeed our results show exactly the same theoretical curve
as figure 2h in reference[22]. Here, we chose to represent the peak force in a log-log scale highlighting the inverse proportional relation between peak force and pulse duration. Indeed, the
peak force has the same behaviour as the peak power of a pulse while the momentum transfer
the same behaviour as the energy of a pulse. This explains their inverse proportional relationship. Further, using the same parameters and formalism, we can calculate the time dependence
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Fig. 4. Optical impulse transfer to a Rayleigh particle in water using the same parameters as reference [22]. (a) Peak force as a function of pulse duration showing an inverseproportional relationship. (b) Axial impulse transfer to the same Rayleigh particle as a
function of time for pulses of 100fs, 500fs and 1ps showing that regardless of the pulse
duration, the total momentum transfer is the same.

of the impulse transfer. Fig. 4b shows that regardless of the pulse duration the total momentum
transfer is constant but the duration over which this is achieved is different leading to different
peak forces. It is this fundamental misunderstanding that leads to different interpretation of the
same phenomena.
To understand the apparent experimental validation of the dependance of the optical force
on pulse duration presented elsewhere[19,23], one needs to take into account the optical and
mechanical non-linear properties present in the experiment. These properties are due, either to a
non-linear response in the time domain, such as Kerr lensing or fluorescence saturation or from
the change of the optical spectral bandwidth with pulse duration or from the frequency bandwidth of the instantaneous force. In the latter case, the Fourier transform of a force originating
from an ultrashort pulse will include high frequency components probing a different frequency
range of the mechanical response of a system. Using this argument, one can imagine accessing,
in the ultrashort pulse regime, some “mechanical” resonance of the system effectively breaking
the cohesion of particles to the interface[19]. Changing the spectral bandwidth of the beam has
a similar effect. Indeed, fluorescent particles, such as the ones used by De et al. [23], absorb
and re-emit light at a different wavelength changing the spectral bandwidth of the optical interaction in a non-linear fluorescence process. This process might explain the trapping behavior
observed by De et al[23].
3.5.

Pulse shaping for control of nonlinear processes in optically trapped particles

The absence of a trapping dependence on pulse time profile gives us the freedom to modulate
ultrashort pulses to control multiphoton effects in trapped Lorentz-Mie particles. In this work,
we use quadratic pulse shaping to control two-photon excitation in 3D trapped particles. We
trapped blue fluorescently-dyed 2.1µ m diameter polystyrene spheres (B0200 from Duke Scientific/Thermo Scientific), which absorb two-photon excitation from a wavelength range within
our laser’s SHG bandwidth (380-420nm). The back-reflected fluorescence signal, stretching
from approximately 420-580nm, is collected using a spectrometer (Figure 2).
The white-light illumination wavelengths overlapped the fluorescence signal, so illumination had to be turned off whenever fluorescence was being collected. Photobleaching effects
meant that fluorescence measurement had to start immediately after the particle was trapped.
To achieve this, we diluted the sample, and located (but not trapped) individual particles with
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Fig. 5. Control of two-photon fluorescence in 3D trapped 2.1 µ m blue fluorescently-dyed
polymer particles. Two-photon fluorescence spectra were measured with four different
pulse durations, with pulse duration varied by introducing 2nd order dispersion with a pulse
shaper. The same average power (3mW) was used for all measurements. We remark that the
two photon fluorescence saturates for such ultrashort pulses and the position of the spheres
may vary between measurements.

the aid of illumination. Once we had located a particle, we switched off the illumination and
moved the sample so the particle was close enough to jump into the trap. The presence of the
particle in the trap was verified by fluorescence signal visible on the CCD camera, and fluorescence spectral acquisition started within 1s.
The polymer particles were ablated and pushed along the beam at powers above 3.7mW when
we used dispersion-compensated 12fs pulses. At powers above 15mW, the particles would be
ejected axially from the trap almost immediately, and exhibited large shape deformations and
craters. At powers between 3.7mW and 7mW, the particles could be trapped for up to a few
minutes (depending on the quality of laser alignment into the microscope system) until they
were suddenly ejected axially from the trap. Imaging of these particles revealed that they had
been drilled with narrow holes, an effect similar to that observed by Misawa and coworkers[6].
When we used pulse shaping to produce longer pulses with lower peak power, the ablation effect was lessened and the particles could be stably trapped for much longer. At powers between
1.8mW and 3mW, not far above the threshold where the 2.1µ m particles could be trapped, the
particles could be trapped for several minutes at 12fs pulse duration with no visible damage.
In our experiments we used the lowest-power regime, with an average power of 3mW at the
sample plane.
As in Section 3.4, we first compensated for the dispersion already on the system, then used
additional positive 2nd order dispersion to control pulse duration. For each pulse duration, we
measured the fluorescence signal from a trapped particle over 5 seconds. To avoid photobleaching effects, we used a different particle for each measurement. For each pulse duration, we
repeated the measurement with four different particles. The measured fluorescence spectra are
shown in Figure 5. As expected, fluorescence intensity decreases as pulse duration increases.
Note that because average power remained the same throughout the experiment, trap stiffness
has remained invariant. In laser systems without a convenient method of rapidly switching between CW and mode-locked regimes, this method could be used to switch between a long pulse
duration that avoids photobleaching and a short pulse duration that maximises fluorescence sig-
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nal. This paper demonstrates just one possible method of multiphoton control in trapped particles. With other pulse shaping techniques, more advanced forms of control are possible. Some
example applications include low-background single-beam coherent anti-Stokes Raman scattering (CARS) [38], highly accurate refractive index measurement [39], precise measurement
of two-photon excitation spectra [40], and selective multiphoton excitation without wavelength
tuning or filters [41].
4.

Summary and conclusions

We have found through theory, numerical simulation, and experiment that linear optical trapping using pulsed lasers is independent of the pulse’s duration or time profile. Our generic
theory and numerical simulation results give strong evidence that there is no pulse duration
effect neither in the Rayleigh regime nor in the Lorenz-Mie, once we take into account the total
force applied by the laser over the repetition cycle.
For our theoretical investigations, we examined the equations for trapping using high repetition rate, short pulsed lasers, and found that the pulse’s field is multiplied by its complex
conjugate, eliminating any dependence of trapping on the pulse’s time profile. This means that,
in the linear regime, the amount of momentum transfer is independent of the pulse duration
for pulses with equivalent spectra. We performed numerical simulations using four different
methods and found that the total momentum transfer was the same for 12fs pulses and for 40fs
pulses.
For experimental verification of these results, we trapped 780nm diameter silica particles in
3D with an 80MHz pulsed laser source, using dispersion compensation to compress our pulses
to 12 femtosecond FWHM duration at the trapping plane. With the compensated pulses as a
starting point, we used pulse shaping to systematically vary the pulse duration over 1.5 orders
of magnitude, while keeping average power and spectral content unchanged. We found no significant effects of pulse duration on optical trapping. Additionally, it is possible to use phase
shaping to control nonlinear processes in optically trapped particles without affecting optical
trapping itself. This was demonstrated by using 2nd order phase functions to increase pulse duration, and observing the effects on two-photon fluorescence in trapped dyed polymer spheres.
Two-photon fluorescence decreased as pulse duration increased, as expected. The use of pulse
shaping in combination with optical trapping opens the door to other forms of controlling multiphoton effects in trapped particles, or spectroscopic methods such as single-beam CARS.
Our theoretical and experimental investigations were designed to eliminate any materialdependent effects on optical trapping. However, pulse duration-dependent effects exist for some
materials, and may make interesting subjects for future investigations. One of the easiest-toobserve effects is that of multiphoton damage to the trapped particle, sometimes in combination
with self-focusing, which for materials such as polystyrene may disrupt the trapping process or
even destroy or deform the particle. Other effects such as the presence of optical Kerr effect,
or optical gain guiding may also be noticeable in some materials. Pulse shaping control of the
trapping laser’s temporal profile may enable interesting studies in these areas.
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