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ABSTRACT

Optical tweezers use a highly-focused laser beam to capture and manipulate micro- and nanometric objects. These have
been demonstrated to be a promising devices for state-of-the-art research in several fields, such as microbiology and
biophysics. The prediction of the optical forces that are present in this phenomenon is a current problem in continuous
evolution. Additionally, the recent use of vortex beams with exotic properties as the orbital angular momentum, with
advantages as the rotational manipulation of the captured microparticles and reduction of the optical damage in biological
samples (Opticution), makes the problem even more complex. Mathematical expressions in the Rayleigh and Mie regimes
for the radiation force on a dielectric sphere captured by TEM,, and TEM" | mode beams are presented. Theoretical results
are then compared with experimental measurements obtained with a direct force measurement device based on light-
momentum detection.
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RESUMEN

Las pinzas Opticas utilizan un rayo laser altamente enfocado para capturar y manipular objetos micro y
nanométricos. Se ha demostrado que son un dispositivo prometedor para la investigacion de vanguardia en
varios campos, como la microbiologia y la biofisica. La prediccion de las fuerzas Opticas presentes en este
fenémeno es un problema actual en continua evolucion. Ademas, el reciente uso de haces de vortice con
propiedades exdticas como el momento angular orbital, con ventajas como la manipulacion rotacional de las
microparticulas capturadas y la reduccion del dafio Optico en las muestras bioldgicas (Opticution), hace que
el problema sea atin mas complejo. Se presentan expresiones matematicas en los regimenes de Rayleigh y
Mie para la fuerza de radiacion sobre una esfera dieléctrica capturada por los haces de los modos TEM, y
TEM',,. A continuacién, se comparan los resultados teéricos con las mediciones experimentales obtenidas con
un dispositivo de medicion directa de la fuerza basado en la deteccion del momento de la luz.
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Introduction

Interestingly, trapping beams with angular momentum
have been increasingly used by the optical trapping
community, with a wide number of applications [6] - [8].
Compared to regular Gaussian beams, doughnut-shaped
modes, such as TEM*01 , are suitable to avoid laser-

The invention of Optical Tweezers has been followed by
a wide number of research applications in several fields,
such as Atomic Physics [2], Nanotechnology [3], Colloidal
Sciences [4], and Fundamental Physic [5]. Among these,

OT has become especially promising in several topics in
biophysics, e.g. microbiology and cell mechanics, thanks
to the non-invasive principle of OT. Forces in the range
of 0.1-1000 pN are precisely accessible with calibrated
OTs, which makes them versatile tools in experiments
in vivo.
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induced heating and optical damage (opticution) [9],
since the intensity profile drops to zero at the optical axis.
In this work, we compare optical force measurements
using a force sensor (Lunam™ T-40i, Impetux Optics,
Spain) on dielectric microspheres with the theoretical
profiles obtained in Rayleigh and Mie regimes.
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Materials and methods

Calculation of optical forces can be performed
analytically for particles far smaller and larger compared
to the trapping beam wavelength. In the first case, the
Rayleigh regime (lambda>>D) one can apply Rayleigh's
Dipolar Theory (RDT). In the second case, the Mie
regime (lambda<<D), Optical Ray Theory (ROT) can be
applied to compute optical force.

Rayleigh Regime

This method is applicable if the radius of the captured
sphere is smaller than the wavelength of the trapping
beam. Some research papers state that, for this method,
"a<A\/20" [12], and it consists in considering light as
electromagnetic waves. Then it is possible to analyze the
behavior of the radiation sphere when it interacts with
the capture radiation. As the size of the sphere is small,
the electromagnetic field incident on the sphere can be
considered homogeneous, allowing the dielectric sphere
to behave as an electrical point-like dipole.

In our work, we are interested in the transverse force.
Using this method, the transverse force is consequence
of the interaction of the electric and magnetic fields of
the light beam on the sphere and is exactly the Lorentz's
force. In order to find an expression for this force, it is
necessary to calculate the electric and magnetic force on
the sphere [10], and using the correct math form of the
electric field of beam capture. Substituting these math
expressions of TEM,, mode it is possible to define it on
this way [10, 13],
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Where, (X,5,Z2 ) = (x/W,, y/W, , zAkw? ) are the three
normal coordinates, k is the wave number in the medium,
P is the power of the laser beam and w is the radius of
the beam waist, a is the radius of sphere, m = n/n is the
refractive index of the sphere (np ) relative to environment
(n_ ) and c is the light velocity in vacuum.

Mie Regime

This method, so-called Optical Ray Method, is based on
Geometrical Optics. It is only valid when the dimension
of the trapped object is much larger than the wavelength
—according to some research papers, the diameter of the
sphere captured must be at least =101 [16]. In this method
is dividing the capture beam in independent light rays,
in where each of complies with the Geometrical Optics
approach, i.e. Snell and Fresnel laws [11, 14]. Some
requirements of this method are that the captured sphere
be dielectric and homogeneous. Therefore, radiation is not
absorbed and the trajectory of the light rays only changes
in direction when they are refracted and reflected at the
surface of the dielectric sphere.

The rate of linear momentum that each light ray transfers
to the trapped sphere, for the TEM, case can be expressed
as follows [14-16]:
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And, for the TEM;, mode:
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Here, I'is the angle of refraction, R and T, are the Fresnel
coefficients (reflectance and transmission, respectively)
for a ray entering the sphere, R . and T where the angle
of incidence is I' when the ray goes from the inner to the
surface of the sphere, this is showed in the Fig. 1a, r and
B are the radial and azimuthal coordinates of capture
beam and 0 is the angle between a normal vector at
surface of the sphere and the rays of light on the sphere.
This 0 angle must be found using the geometrical relation
a sin (0) = S sin (y), where a it is the sphere radius and
S'it is the transversal length (axis y ) from the center of
sphere (Figure 1b).
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Figure 1. In (a) Geometric diagram to calculate for calculating the force due to single incident ray of power dP (b) Trap geometry with the beam focused along the -Y axis at a
distance S' from the origin.

Preparing the Experiment

In order to measure the optical force, we used a holographic optical tweezers (HOTs) set-up (Figure 2a). This system
uses a laser emitting a Gaussian TEM | beam, with wavelength ~ 1060nm (IR) and adjustable power from 0 until 1
W and linear polarization. The optical system has initially a telescope, formed by one couple of lenses L, and L, , and
whose function is to expand the laser spot by a factor of f1/f2. This magnification is necessary to fill the work area of
a Liquid Crystal SLM-LCO (X10468 Hamamatsu), that is electronically controlled by a computer. After modulation
of the beam, it is necessary to readjust the size of beam by the telescope formed between L, and L, lenses, so that it
fills the input pupil of the objective (Nikon 60X, water immersion, NA = 1.2). The objective the laser beam onto the
sample plane (containing polystyrene microspheres in water) to create the optical trap. The dichroic mirror (DM),
reflects the IR light while it transmits the shorter, visible wavelengths. Images are acquired with a CCD camera.

To measure the optical force on a micron-sized object, we used a direct force sensor (Lunam™ T-40i, Impetux Optics,
Spain). This device measures the optical force directly on a trapped object using the direct measurement of the change
in the light momentum [17-19]. The method can measure the optical forces in in-vivo environments and irregular
objects [9, 20, 21].
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Figure 2. HOTSs set-up. (a) Diagram of the optical system where L, , L,, L, , L, are lenses, M,, M, are mirrors, DM is a dichroic mirror. (b) Force signal (black) obtained after
applying a triangular oscillation with the piezo-electric stage.
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Samples for our experiments contained R=4pm m polystyrene microspheres (refractive index n~1. 6), diluted in
distilled water (n ~1.33 ). After a few minutes, the microspheres deposited on the lower coverslip and attached to it.
Once this was achieved, the light was focused with the microscope objective on one sphere and the sample was moved
with a piezo stage (NV403CLE, PiezoSystemlJena), oscillating with a triangular shape with an amplitude of 17um
of and1Hz. The force sensor was above the sample (Figure 2a), so that it was possible to obtain experimental force
profile measurements with a sampling frequency of 10 kHz.

Results and discussion

We obtained transverse force profile measurements on R=4um spheres with TEM,, and TEM’, mode trapping
beams. In this process, the beam was highly focused at the axial equilibrium point and the trap power registered
by the sensor was 10.37mW . In Figure 3a, the curve represents the optical force that the sphere experiences with
respect to the trap focus. Therefore, these measurements correspond the data processing of two seconds recorded
by the sensor, this correspond two oscillations of the piezo stage with triangular signal, or in other words this curve
represent four experimental profiles of force on the sphere.

We next compared the measurements with the optical force calculated through the Rayleigh and Mie approximations
(1-4). The theoretical profiles have been calculated with the real parameters of the experiment: refractive index of
the sphere and the medium, the radius of the sphere, the trap power on the sphere monitored by the sensor, laser
wavelength and beam shape (TEM, ). In Figure 3b, we compare the experimental result with the theoretical profile
in Rayleigh regime. The curves differ by 6 =2.7701pN — corresponding to 36.5% with respect to the maximum force
(7.59pN). In this case, the difference appears because the validity condition of method (R>1) is not met.

In the same way, in Figure 3¢, we can observe the comparison between the experimental profile and the prediction in
the Mie regime. The diameter of the sphere is now closer to the validity condition of the approach. These curves are
different by 6 = 1.6016 pN — corresponding to 21.1% with respect to the maximum force. This discrepancy is due
to the fact that the method cannot model fully the environment of the experiment. On one hand, the beam has been
considered to be described by a pure Gaussian, TEM  beam. On the other, the Optical Ray Method fails noticeably
when the trap is focused near the surface of the trapped objects (y~R), what may explain the observation of the
experimental maximum force diverging from theory. As discussed in [22], this is mainly due to the trap focus being
infinitesimal in geometrical optics.

Profile of Force Exp., R=4um, P=10.37mW, A=1060nm
T T T T T

e FOFCE EXP., TEMI"D

Profiles of Force Exp. and Teo., Rayleigh Regime, R=dum Profiles of Force Exp. and Teo., Mie Regimen, R=d4um
- T T T T T

10

T T
——Force Exp., TEMDU. Lineal ——Force Exp., IEMW, Lineal

——Force Tao., TEMOO' Lineal

——FuerzaTeo, TEMW Circular

7g=2.T701pN

7g=0.0772pN

o-—/ 7 =1.6016 pN

FlpN]

Figure 3. Force profile in a TEM, beam. (a) Transverse optical force profile on a R=4um sphere. (b) Comparison between the experimental profile and the theoretical profile in
the Rayleigh regime. (c) Comparison with the Mie regime
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As described in Section 3, we used an SLN to generate a phase mask with helical shape of topological charge I=1. In
this way, it was possible to obtain a Laguerre Gaussian TEM" | beam. We measured the optical force profile on the
same sphere before (Figure 4a). Compared to the theoretical curve in the Rayleigh Regime (Figure 4b), the measure-
ment deviates by an average 6= 5.1317pN — which corresponds to 98.3% of the maximum force (5,22 pN). It is clear
that the Rayleigh approximation in this case does not describe the qualitative behavior of the measurement, which
even exhibits a trapping stiffness (at y~0) of opposite sign. This is due to the fact that the gradient force that arises after
the interaction of the point-like dipole with the optical field has a substantially different origin in our experimental
case. For the R=4pum microspheres used here, the trapping force is properly described in the Mie regime (Figure 4c).
In this case, the curves deviate each other by 6 =1.4219 —according to 27.2% of the maximum force.

Profile of Force Exp., R=4um, P=10.37mW, A=1060nm
T T =T T T

Profiles of Force Exp. and Teo., Mie Regime, R=4um

Force Exp., TEM;,
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Figure 4. Force profile in a TEM’ | beam. (a) Transverse optical force profile on a R=4pum sphere. (b) Comparison between the experimental profile and the theoretical profile in
the Rayleigh regime. (c) Comparison with the Mie regime.

Conclusions

In this work we compared experimental measurements
of optical forces and the theoretical forces computed
under Rayleigh and Mie regimes for TEM,, and TEM" |
trapping beams. Our approach consisted in using
microbeads attached to a coverslip surface as force
probes, which were translated across an optical trap by
means of a piezo-electric stage. The optical force is well
described, according to our light-momentum-based force
measurements, in terms of the Mie approach, whereas
the Rayleigh approximation becomes clearly far from
our results, especially for the TEM' | case, due to the
microspheres used being larger than the wavelength of
the trapping beam.

The experimental results are described within 21% and
27% accuracy using the Mie approach for TEM,, and
TEM",, mode beams, respectively. We observed the
experimental curves to deviate from theory, mainly,
around the particle surface, i.e. y~R. A plausible
reason for that phenomenon is that the trapping beam
is not properly described in the trap focus, which is

mathematically infinitesimal in the Optical Ray Method.
Likewise, it is worth commenting that the parameters
used for our simulations were exactly those reported
by the manufacturer regarding the microspheres used
(refractive index and size), as well as the trapping beam
shape and power. For example, modifications to our
calculations accounting for optical aberrations are likely
to describe the experimental measurements with even
closer agreement.

The theoretical Mie approach, valid for large particles,
describes with proper accuracy the experimental results
reported here. To conclude, the optical force profile
generated by complex beams, e.g. the TEM' mode
beam used here, can be precisely modeled by the Optical
Ray Method and measured experimentally through light
momentum detection.
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