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ABSTRACT

Theoretically, this study investigates the influence of Gaussian beam spot size on the trapping forces exerted
on dielectric particles by continuous and pulsed beams. We analyzed the dependence of trapping efficiency
on spot size in terms of both the force value and force influence area. Our theoretical framework considers a
dielectric sphere immersed in a water medium and irradiated by these beams. The results demonstrated that
pulsed Gaussian beam achieves superior and more consistent trapping efficiency compared to continuous beam

for a wider range of spot sizes.

ARTICLE INFO

Keywords:

Gaussian beam, Continuous Wave (CW),
Pulsed beam, Rayleigh particles, Optical force,
Trapping force, Beam spot size.

Article History:

Received: 31-May-2024,
Revised: 19-June-2024,
Accepted: 29-June-2024,
Available online: 30 June 2024.

1. INTRODUCTION

Optical trapping that also known as optical tweezers, uti-
lizes tightly focused laser beams to manipulate minute
particles with exceptional precision [1]. This non-invasive
and contactless technique has fundamentally trans-
formed research in medicine and biophysics. It empow-
ers scientists to trap, sort, and study individual cells,
allowing them to delve into the intricate workings of
biomolecules [2—8]. Beyond its transformative impact
in these fields, optical tweezers have become indispens-
able tools across diverse scientific disciplines, including
quantum physics, optics, and chemistry [9—13]. When
a tightly focused laser beam traps a particle, it exerts
two main forces: the gradient force and the scattering
force. The gradient force arises from the variation in
the beam’s intensity and pulls the particle towards the
region of highest intensity. The scattering force, on the
other hand, pushes the particle along the direction the
light is traveling [14]. Laser beams have revolutionized
various scientific fields [15—17], offering a precise tool
for manipulating mesoscopic objects [18—20]. Among
these, Gaussian beams (GBs) stand out for their unique
intensity profile, resembling a bell curve. This character-
istic allows for focused manipulation without damaging
delicate samples [21-27]. However, within the realm

of Gaussian beams lie two distinct entities: continuous
wave (CW) and pulsed beams. While they share the
Gaussian intensity profile, their energy delivery meth-
ods set them apart, leading to unique advantages and
applications. Continuous wave beams offer a constant,
gentle flow of light ideal for delicate samples due to their
lower peak power and minimal thermal damage [28, 29].
In contrast, pulsed beams deliver short, intense bursts
with much higher peak power, making them suitable for
overcoming stronger forces or inducing non-linear effects
in materials [30, 31]. Both types of Gaussian beams
find applications in various fields, with CW beams ex-
celling in initial trapping, biological studies, and atom
manipulation [28, 32, 33], while pulsed beams shine in
manipulating smaller particles, micromachining, and re-
mote sensing [23, 34—37]. Understanding these distinct
characteristics unlocks the potential of Gaussian beams
for manipulating matter at the microscopic level, driving
advancements in diverse research areas. This study ex-
plores how Gaussian beam spot size affects nanoparticle
trapping force, comparing continuous and pulsed beams.
The insights gained from this work hold promise for sig-
nificant advancements in the design of optical tweezers.
The theoretical framework is presented in Section 2, fol-
lowed by a discussion of the results in Section 3. Finally,
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Section 4 summarizes the key conclusions drawn from
this research.

2. THEORETICAL FORMULATION

We consider a dielectric sphere with radius 4 and refrac-
tive index n, immersed in a water medium with refractive
index n,,, and irradiated by either continuous or pulsed
Gaussian beams, as depicted schematically in Fig.1.
One key measurable parameter for evaluating the optical
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Figure 1. Schematic Diagram for laser beams radiating on a
particle.

force exerted by continuous Gaussian beam is the irradi-
ance at a specific position. This irradiance is described
by the following equation [22, 38, 39]:

o — 2L ex [ Gl } (1)

w3 (1+422) Pl 1142
where &, is a unit vector in the beam propagation direc-
tion, P is the input power of the beam, wy is the beam
spot size, p is the transverse coordinate, z is the axial
coordinate, (§,2) = (p/wo,z/kw3) are dimensionless
parameters, k = 27” is the wave number and A is the
wave length. The dipole moment of the small sphere in
the electric field located at its center is given by [22]

p(p,.z) = 7E(oz), (2)

where ¢ = 47 n?, e a® (’”2‘1) is the polarizability of a

I(0,2) =

m242

spherical particle in the Rayleigh regime and m = ”— is
the relative refractive index of the particle. The optlcal
force exerted on the particle in the Rayleigh regime can
be described by two components acting on the dipole,
the first is the gradient force due to the Lorentz force
acting on the dipole induced by the electromagnetic field.
By using the electric dipole moment of Eq.(2) as an elec-
trostatic analogy of the electromagnetic wave, a gradient
force is defined by [22]

Fo(r,t) :[pmﬂxqmngzgv#@@.(m

The gradient force which the particle experiences in a
steady state is the time-average version of Eq.(3) and
given by

Fg(”) =

A further practical expression of the gradient force in its
calculation can be obtained by substituting Eq.(1) into
Eq.(4) as follows:

(Fo(r,t))r = =—2—VI(r). (4)
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where x = W The second force component is the
scattering force, which is much smaller than the gradient
force for the small Rayleigh particles. This scattering
force is given by [22]

-~ ~n
Scat(p Z) = esz C

I(p,2), 7)

2
where C, = (8%)(ka)*a? (zi;;) is the cross section
of the radiation pressure of the spherical particles in
the Rayleigh regime. The expression for the intensity of

pulsed Gaussian beam is given by [40]:

22U 1
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where U is the input energy, T is the pulse duration,
c = \/W is the speed of light in vacuum, ep and pg
are the permittivity and permeability in the vacuum re-
spectively. The force exerted on the dielectric sphere by
the light beam at position r is determined by the Lorentz
force, defined as a sum of electric E and magnetic B
contributions [41]

op(r,t)
EYI B(r,t). (9)

After some mathematical relations and identities in
Eq.(9), we get

F(r,t) = [p(r, 1).V]E(z, t) +

F(p,z,t) =
n ‘)/8|Ex‘2 A ')’a|Ex|2 A YV m a|Ex‘2
= 1
%2 9 oy tE T (10
where I(p,z,t) = "2 |E.(p,z,t)|2. The first term in

Eq.(10) represents the transverse component of gradient
force (Fgp), the second term represents the axial compo-
nent of gradient force (F,.) and the last term represents
the F; force which arises due to the presence of the pulse
term. We can obtain all components of pulsed GB force
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as follows:
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These equations (11-13) are equivalent to the equations
(9-11) found in reference [40]. The scattering force Fg,;
caused by the scattering of light by the sphere is pro-
portional with light intensity and along the direction of
light propagation. The scattering force can be expressed
as[40]:

| (ﬁr Z, Z) =& — Cp I(ﬁr Z, E) . (1 4)

3. RESULTS AND DISCUSSION

On the light of theoretical foundation established earlier
in section 2, this section presents a series of key results
alongside their detailed discussions. The figures through-
out this section were generated using the following pa-
rameters, unless otherwise specified: A = 0.5145 um,
U= 01uj, P = 100mW n, = 1.59 (Silica) and

= 1.332 (water). For clarity in interpreting figures
2 and 5, a color coding is employed to indicate the direc-
tion of the optical force. Yellow-red region represents a
force directed upwards and to the right, whereas yellow-
blue region represents a force directed downwards and
to the left. Figure 2 illustrates the relationship between
the transverse (F,,) and axial (F,.) gradient forces of
a continuous Gaussian beam as well as the total axial
force (F,=F¢.+Fsq:) exerted on a nano-dielectric parti-
cle in both the transverse (p) and axial (z) directions
for different values of beam spot size (wg). Our results
demonstrate a significant decrease in the optical forces
(Fgp, Fgz, and F) as the beam spot size increases. This
decrease is attributed to the distribution of the beam in-
tensity over a larger spot size. Interestingly, the area
affected by the gradient forces appears to remain inde-
pendent of the beam spot size as shown in sub-figures
2(a-h). The results also reveal stable trapping region
along both the transverse at (p = 0) and axial at (z = 0)
directions due to the transverse and axial gradient forces,
respectively. This indicates that the particle experiences
a net force towards the center of the beam in these re-
gions. However, the forces guiding the particle also play
a role. The transverse gradient force guides the particle
along the axial direction at z = 0 and p = £0.5wq as

shown in sub-figures 2(a-d). Similarly, the axial gradient
force guides the particle along the transverse direction
atp = 0 and z = £0.5kw} as shown in sub-figures
2(e-h). Including the effect of the scattering force, as
shown in sub-figures 2(i-l), reveals a stable trapping re-
gion for beam spot size (wp) less than 3 um. However,
for beam spot size greater than or equal to 3 um, the
scattering force becomes dominant compared to the ax-
ial gradient force. This dominance of the scattering force
disrupts the trapping mechanism, leading to the absence
of stable trapping in this case. Figure 3 illustrates the
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Figure 2. Shows the behavior of the optical forces of continu-
ous Gaussian beam along the transverse and axial directions
ata = 10nm. (a-d) For the transverse gradient force Fg,, (e-h)
for the axial gradient force Fg., and (i-l) for the total axial force
F.. (aei) wo = 1um, (b,fj) wo = 3um, (c,9,K) wo = Sum,
(d,h,l) wog = 7um.

influence of beam spot size (wg) on the relationship be-
tween the scattering force (Fscqt) and the axial direction
(z) of continuous GB. This figure demonstrates a signifi-
cant decrease in scattering force (Fs.,;) as the beam spot
size (wp) increases. Also, the area affected by this force
remains independent of wy. Furthermore, comparing
the axial gradient force (sub-figures 2(e-h)) with the scat-
tering force (Fig. 3) for corresponding beam spot sizes
reveals a critical point: when wy reaches or exceeds 3
um, the scattering force becomes comparable to the axial
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gradient force. This competition between forces disrupts
the trapping mechanism, leading to the absence of stable
trapping at larger beam spot sizes. Figure 4 depicts the
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Figure 3. Shows the relationship between the scattering force
(Fscar) and the axial direction (z) of continuous GB ata = 10 nm
and for different values of beam spot size (wy).

dependence of the maximum forces (Fg, and F;) on the
beam spot size (w) for a continuous Gaussian beam.
The results clearly demonstrate a decrease in both the
maximum transverse gradient force (Fg,) and the max-
imum total axial force (F;) with increasing beam spot
size. This decrease is likely attributed to the distribution
of the beam intensity over a larger area as w increases.
Interestingly, the maximum values of Fg, consistently
exceed those of F,. This suggests that the trapping effi-
ciency in the transverse direction is stronger compared
to the axial direction. Figure 5 explores the dependence
of the optical forces (Fg,, Fe.+F: and F;) on beam spot
size (wp) for a pulsed Gaussian beam with a pulse du-
ration of T = 0.1 ps and a particle radius of a2 = 10nm.
Sub-figures 5(a-d) depict the transverse gradient force
(Fgp) across the transverse (p) and axial (z) directions
for various beam spot sizes. The results consistently
reveal a decrease in force magnitude with increasing wy.
Additionally, the force influence area appears to shrink
as wy increases along the axial direction. Notably, stable
trapping persists along the transverse direction at p = 0
and z = 0, while the guiding forces dominate along the
axial direction at z = 0. Sub-figures 5(e-h) illustrate the
behavior of the axial force (Fg.+F;) for different beam spot
sizes. Similar to the transverse case, the force weakens
as wy increases, and the force influence area shrinks
with increasing beam spot size along the axial direction.
Interestingly, sub-figure (e) shows stable trapping along
the axial direction at z = 0 and p = £0.3 wy, but only for
beam spot sizes up to wg < 2 um. Beyond this thresh-
old (wyp > 2um), sub-figures (f-h) indicate a complete
absence of trapping. In this case, only the guiding force
prevails across both axial and transverse directions, with
its dominant locations being p = 0 and larger beam spot
sizes. Sub-figures 5(i-1) depict the total axial force (F,=
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Figure 4. Presents the dependence of the maximum optical
forces on the beam width (wy) for a continuous Gaussian
beam with a particle radius of 2« = 10nm. (a) Shows the
maximum transverse gradient force (Fg,), while (b) shows the
maximum total axial force (F;).

Foz+F+Fscat). The force behavior mirrors the trends ob-
served for Fg, and Fg.+F;. Stable trapping is present
forwg < 2um atz = 0 and p = +0.3wp (sub-figure
(1)), but absent for larger beam spot sizes (wg > 2 ym)
as shown in sub-figures (j-). In these cases, only the
guiding force prevails. In general, and by comparing
the sub-figures 5(e-h) with 5(i-I), we find that the effect
of beam spot size on the type of force exerted on the
particle, whether it is attraction or repulsion, is greater
than the effect of the scattering force. In addition, we
find from sub-figures 5f and 5j that the force influence
area increases significantly at a beam spot size of 3 um,
as it is considered the turning point of the force from
attraction to repulsion. Moreover, a stronger transverse
gradient force compared to the axial force significantly
enhances trapping stability. Figure 6 explores the impact
of beam spot size (wg) on the scattering force (Fscqt)
acting on a pulsed Gaussian beam with a pulse duration
of T = 0.1 ps and a particle radius of 2 = 10nm. The
force is exerted along the axial direction (z) for various
beam spot sizes. The results clearly reveal a significant
decrease in Fs; With increasing wy. The area affected
by this force decreases with increasing beam spot size.
Furthermore, comparing the axial force For+F; from sub-
figures 5(e-h) with the scattering force (Fs4) in Fig. 6
for corresponding beam spot size (wy) demonstrates
that Fo.+F; is generally greater than F;;. This implies
a stronger trapping effect due to the combined forces
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Figure 5. Shows the behavior of the optical forces of pulsed
Gaussian beam along the transverse and axial directions at
a =10nm and T = 0.1 ps. (a-d) For the transverse gradient
force Fgp, (e-h) for the axial force Fg.+F; and (i-l) for the total
axial force F;. (a,e,i) wo = 1um, (b,fj) wo = 3um, (c,g,k)
wo = Sum, (d,h,l) wg = 7um.

compared to the scattering force alone. Figure 7 depicts
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Figure 6. Shows the relationship between the scattering force
(Fscar) and the axial direction (z) of pulsed GB for different
values of beam spot size (wp).

the dependence of the maximum forces (F¢, and F;) on

the beam spot size (wg) for a pulsed Gaussian beam.

The results clearly demonstrate a decrease in both the

maximum transverse gradient force (Fg,) and the maxi-
mum total axial force (F;) with increasing beam spot size.
This decrease is likely attributed to the distribution of the
beam intensity over a larger area as wg increases. Inter-
estingly, the maximum values of F, consistently exceed
those of F,. This suggests that the trapping efficiency
in the transverse direction is stronger compared to the
axial direction.

Fap(PN)
4000}
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2000

1000}

o 2 4 6 8 10"
Figure 7. Presents the dependence of the maximum optical
forces on the beam spot size (wg) for a pulsed Gaussian
beam with a pulse duration T = 0.1 ps and a particle radius of
a = 10nm. (a) Shows the maximum transverse gradient force
(Fgp), while (b) shows the maximum total axial force (F).

4. CONCLUSIONS

By comparing the pulsed and continuous Gaussian
beams and analyzing their results, we conclude the fol-
lowing: The force exerted by the pulsed beam is signif-
icantly greater than that of the continuous beam. Axial
trapping in the continuous beam is more susceptible to
the scattering force and wider beam spot size. In con-
trast, axial trapping in the pulsed beam is more affected
by an increase in beam spot size, causing the force to
transition from attraction to repulsion at larger beam spot
sizes. Transverse trapping, regardless of whether it oc-
curs in a continuous or pulsed beam, exhibits greater
stability for any suitable beam spot size due to its force
values being significantly larger than those of the axial
force. The area of force influence is dependent on the
beam spot size in the pulsed beam and remains unaf-
fected in the continuous beam. This characteristic could
be advantageous for increasing the number of particles
trapped or guided within the same area. Based on the
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aforementioned points, the pulsed beam is considered
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