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Study of the propagation of a light beam at the exit
of a single-mode and multimode optical fiber
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Traditionally, optical fibers have been used as communication lines and optical sensors; however, these have multiple other uses, for example,
the interaction and entrapment of microparticles. This article studies the computational modeling of the propagation of light that comes out
of conventional, single-mode, and multimode optical fibers, which is of interest when studying the interaction of light with microparticles.
As a parameter of analysis and quantification, we use the degree of diffraction of the light propagation beams, at different distances from
the optical fibers. Resulted intensity field distributions give us important microscopic information to consider for light interaction with such
microparticles.
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1. Introduction

The present research arises from the need to understand the
propagation and interaction of a beam at the exit of an optical
fiber. For several years the existence of forces produced by
the electromagnetic field that comes out of the tip of an op-
tical fiber has been reported [1]. In a laboratory, these forces
can be calculated by tracking a particle, to graph its position
against time (with respect to some reference frame), as pro-
posed by Alvarado Z. J. C., (2013) [2]; in this way, its equa-
tion of motion is obtained, which is derived twice to obtain
the acceleration equation. Then we can know the force if we
know the mass of the tracked particle. The mentioned method
turns out to be indirect and laborious, and the measurements
obtained present a lot of uncertainty.

Herńandez Zavala J. E.,et al. (2014) [3], performed the
first simulation in the Computational Fluid Dynamics (CFD)
program, where the speed, pressure, and temperature in par-
ticles were studied, due to a light beam coming out of the
optical fiber, but the results of the simulations do not provide
enough information on the fields to study.

Given this situation, it was decided to perform compu-
tational simulations and broaden the scene of what happens
with the light beam at the exit of the optical fiber. In this way,
we will know the characteristics of the forces that occur in the
beam at the exit of the fiber without having to measure them
directly, only by knowing the parameters of the light and the
optical fiber of interest. This will help us to understand better
the favorable regions to place a microparticle and thus know
the interaction it will suffer. But the study would also help
us to observe the behavior of the electric field and the how
it propagates in different external media to the optical fiber,
as well as the consequences that arise due to the type of op-
tical fiber used. Being more ambitious, we should be able to
study the relationship between the conversion of light energy
to heat energy.

The contribution of this article is to be able to perform
simulations and study the phenomena present in the beam
that comes out of the optical fiber since experimentally it is
of high difficulty to carry out the measurements directly.

To accomplish our research, we will consider the existing
theory in the literature as a theoretical model that describes
our propagation beam, and the physical characteristics of the
fibers of interest, as well as an existing program to carry out
these simulations.

2. Gaussian beam
In our study, in a first approximation, the beam at the exit
of the optical fiber can be described by the Gaussian beam
theory, because when the beam leaves the fiber, according
to Carrasco (2014) [4], it does so as a Gaussian beam, see
Figs. 1 and 2. Saleh,et al., (1991) [5], consider that this the-
ory allows us to know the opening angle of the beam by per-
forming a mathematical analysis that starts from an electric
field U(r). An expression for the complex amplitudeU(r) of
the Gaussian beam is
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FIGURE 1. Cut in a quadrant, of the cross-sectional representation
of a Gaussian Beam.
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FIGURE 2. Diagram of a beam of light at the exit of an optical
fiber.

From this expression, we can study the following param-
eters
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whereW (z) is the radius of the beam,R(z) the radius of
curvature,ζ is a phase,W0 the radius of the beam’s waist,
z0 is the Rayleigh range, andθ0 the divergence angle. These
parameters can be seen in Fig. 1.

As is known, the optical fibers consist of a core and a
cladding. The core has a slightly higher refractive index than
the cladding, so that, bytotal internal reflection, the light is
confined in the core. The way to measure the divergence an-
gle of the beam coming out of the optical fiber is through the
numerical aperture [5], defined as

NA = n sen θmax =
√

n2
n − n2

c , (7)

wheren is the refractive index of the propagation medium,
nn is the refractive index of the fiber core, andnc is the re-
fractive index of the cover. So that the divergence angleθ0,
of a Gaussian beam, can be related to the angle associated
with the numerical apertureθmax.

3. Computational simulation

To perform the computer simulations of the beam’s propa-
gation, we used the COMSOL MULTIPHYSICS 5.3a pro-
gram. This program uses Maxwell’s equations for dielectric
medium,

∇ · ~D = ρ

∇ · ~B = 0 (8)

∇× ~E = −∂ ~B

∂t

∇× ~H = ~J +
∂ ~D

∂t
,

and, after a mathematical treatment, using boundary condi-
tions for two dielectric materials and the definitions of elec-
tric displacement vector and magnetic intensity vector, as
well as Ohm’s law for homogeneous, isotropic and linear
means, it is solved, for any problem, the following equation
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0
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ωε0

]
= 0. (9)

This program uses the finite element method, described by
Bathe (1986) [8], to solve the Eq. (9).

On the other hand, a geometry that depended on the type
of optical fiber (single-mode or multimode) was built. This
geometry consists of two rectangles that represent the core
and cladding of the fiber, and a third rectangle that simulates
the medium where the light propagates at the exit of the opti-
cal fiber.

The radius of the nucleus depends on the type of fiber. For
the single-mode fiber, a core radiusa = 4.1 µ m was used, a
cladding radius of 62.5µm, a core refractive index of 1,474,
a cladding refractive index of 1,4507, a propagation power of
the light within the 100 mW optical fiber, a wavelength 980
nm, an initial electric field of1, 194 × 106 V/m, and water
as a medium of propagation of light at the exit of the fiber
(refractive index of 1.3330). Similar parameters were used
for multimode fiber, but with the core radius ofa = 25.0 µm,
and an initial electric field of1, 958× 105 V/m.

The values of the initial electric field~E0 were calculated
from the definition oftime-averaged Poynting vector~S, and
its relation to the irradiance. Hence, the following expression
was obtained

E0 =

√
2µ0c0P

πa2
, (10)

whereµ0 is the vacuum permeability,c0 is the speed of light
in vacuum,P is the power used in the experiment, anda is
the radius of the optical fiber’s core.

4. Results

As it is of interest to know the behavior of the propagation of
the light beams after the exit of the optical fiber, our model-
ing is focused on the two known cases, for single-mode fiber,
and a conventional multimode fiber; and we will analyze the
results based on the Fresnel number.
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FIGURE 3. Simulation in single-mode fiber. a)Electric field intensity distribution~E. b)Field vectors~E. c)Field vector~S.

FIGURE 4. Field intensity profile~E for a distanceL for a single mode fiber tip.

4.1. Single-Mode Optical Fiber

The results of the simulation of the single-mode optical fiber
are represented in Fig. 3. There, we can see that the inten-
sity of the electric field is not uniform, since it varies in the
medium in which it propagates, according to the distance to
the tip of the fiber (L) and it is distributed throughout the
space; likewise, this field,~E, is more intense at the exit of the
fiber up to approximately 80µm away. Figure 3a) contains
the electric field vectors~E in the optical fiber simulation. The
electric field with and initial direction inx is presented in the
expected direction within the core of the fiber, according to
the Eq. (3), but outside of it, the vectors change their direc-
tion, and even, present changes in their phase. As we move
away from the tip of the fiber, we observe that their direction
approximates that of a spherical wavefront. The change in the
phase of these vectors is due to the diffraction phenomenon.
Figure 3c) represents the Poynting vectors~S, which indicate
that the energy propagates along thez axis.

The intensity profiles of the electric field, perpendicular
to the propagation axis, for different distances (L) to the fiber

tip, are analyzed below. It can be seen that some diffraction
patterns are depending on the distance to the tip of the fiber.
The closer you are to the tip of the fiber, Fresnel diffraction
is observed; asL increases, we can see that the diffraction
changes to Fraunhofer. The Fig. 4a) represents an intensity
profile with Fresnel diffraction; Fig. 4b) expresses an inten-
sity profile with Fraunhofer diffraction.

An important issue is then to corroborate this with the
Fresnel number (NF ), defined as

NF =
a2

λL
, (11)

wherea is the radius of the fiber core,λ the wavelength and
L is the distance to the tip of the fiber. In the graph of Fig. 5,
we can see that most of the diffraction is of the Fraunhofer
type (blue zone) and forL ≤ 18 µ m the diffraction is of
Fresnel (orange zone) with the criterion that Fresnel diffrac-
tion is presented forNF ≤ 0.1. The white zone represents
the diffraction transition from Fresnel to Fraunhofer.

Similarly, an intensity profile was made along the beam’s
propagation axis, which is presented in Fig. 6. There, we
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FIGURE 5. Fresnel number as a function ofL asociated with
single-mode fiber. FIGURE 6. Intensity profile propagation of~E along the propaga-

tion axis (z) for a single-mode fiber.

FIGURE 7. Simulation in multimode fiber. a)Electric field intensity distribution~E. b)Field vectors~E. c)Field vectors~S.

FIGURE 8. Field intensity profile~E for a distanceL from a multimode fiber tip. a)L = 5 µm. b)L = 690 µm.

can see that the the greatest intensity of the electric field is
not present exactly at the tip of the optical fiber, but about 10
µm of it. It is very interesting to note also, how the intensity
of ~E decays very rapidly as the distance in the propagation

axis increases, and it is observed that the greater the distance
to the fiber tip (L ), the greater the perception of interference,
which serves to justify the oscillations at the right end of this
graph.
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FIGURE 9. Fresnel number as a function ofL associated with mul-
timode fiber.

FIGURE 10. Intensity profile propagation of~E along the propaga-
tion axis (z) for multimode fiber.

4.2. Multimode Optical Fiber

In the simulation of Fig. 7a), we can see that the greatest in-
tensity of the light beam converges a few micrometers after
the tip of the fiber. This beam is completely different from
that of the single-mode fiber, because, along the direction of
propagation, it has areas where it becomes less intense and
then increases its intensity again. After converging, it begins
to diverge, and its intensity begins to decrease.

Figure 8 shows the intensity profiles of the electric field.
It is observed that there are diffraction patterns, as in the pre-
vious fiber. In the graph of Fig. 8a) (L = 5 µm), a Fresnel
diffraction pattern is shown. This is because this profile cor-
responds to a distance L near the tip of the fiber. In Fig. 8b)
(L = 699 µm), we can see that the intensity profile behavior
tends to be of the Fraunhofer type.

The graph of Fig. 9, with the Fresnel number, helps
us make a comparison of what was obtained in the simula-
tion with what was expected. In this case, the transition be-
tween Fresnel and Fraunhofer diffraction is slower than that
of single-mode fiber. The orange region of the graph repre-
sents the Fresnel diffraction, and the Fraunhofer diffraction is
represented by the blue region. Fresnel diffraction is present
from small distances to very large distances (L = 637.7 µm)
compared to the previous fiber, and Fraunhofer diffraction
starts up to regions of L greater thanL = 6377 µm.

The graph in Fig. 10 shows an intensity profile of the
multimode fiber along the propagation axis. It can be seen
that the intensity distribution of the electric field effectively
varies along the axis of propagation, and at approximately

FIGURE 11. Study of a transition from a single-mode to a multimode optical fiber. a)a = 10 µm; NA = 0.14. b)a = 16 µm; NA = 0.15
c)a = 22 µm; NA = 0.16 d)a = 28 µm; NA = 0.17. e)a = 34 µm; NA = 0.18. f)a = 40 µm; NA = 0.19. g)a = 46 µm; NA = 0.20
h)a = 58 µm; NA = 0.22
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FIGURE 12. Intensity profile of~E along the propagation axis (z)
for different core diameters.

FIGURE 13. Dielectric particles arranged in a periodic distribu-
tion, product of the propagation of a beam of light at the exit of a
multimode optical fiber (Villegas S. G. (2019) [7].

450 µm, the intensity decreases by one order of magnitude
and then increases back to the original order. So, it is sug-
gested that this area could be useful for particle entrapment
since the particle could be pushed into a potential well.

4.3. The transition from single-mode to multimode fiber

In this research we also performed a simulation of the inten-
sity distribution that could be obtained during the transition
from single-mode fibers to multi-mode fibers. For this, a vi-
sualization was made in the transition from a single-mode
fiber to a multi-mode fiber. Its purpose was to observe what
happened in the intermediate between these fibers. Although
optical fibers with these characteristics are not manufactured,
due to the needs of the market.

Figure 11, represents the intensity of the electric field,
varying the diameter of the nucleus and the refractive indices
of the latter, with the purpose of varying the numerical aper-
ture ofN.A. = 0.13 to N.A. = 0.22; these data were pro-
vided by the commercial provider ThorLabs [9], to satisfy
Eq. (7). It can be seen that the distribution of the electric
field intensity, in the single-mode multimode transition, the
greatest intensity of the electric field distribution also varies.
It moves away from the tip of the fiber as the diameter of

the core increases. In Fig. 11a), the highest intensity of the
electric field is at the exit of the fiber. In Fig. 11b) the in-
tensity moves away from the tip of the fiber, and we can see
that the type of distribution observed right after the exit of
the fiber is no longer uniform, but it rather presents structures
corresponding to Fresnel diffraction. This is presented in the
following figures until it ends in Fig. 11h) where the structure
presented is a multimode fiber. With this, it can be suggested
that the behavior of the beam at the exit of the fiber is varying,
and the greatest intensity of the electric field is moving away
from it as the diameter of the core increases, leaving behind
intensity distributions that correspond to Fresnel diffraction .

In Fig. 12, we can see a comparison of the intensity pro-
files along the propagation axis for different core diameters.
You can see that the intensity of the electric field is lower as
the fiber core width increases. This is due to two reasons:

1. The electric field decreases as the area of the core’s
cross-section increases. This is consequence of the def-
inition of the electric field, described by the Eq. (10).

2. The greatest intensity of the electric field moves away
from the tip of the optical fiber as the diameter of the
core increases.

Another interesting aspect to observe is the presence of
peaks and valleys in the intensity of the electric field~E,
which increases until reaching a maximum intensity, and af-
ter this, they decline.

It is suggested that the presence of these valleys is related
to experimental data obtained by Villegas S. G. (2019) [7],
where, after the light beam has interacted with the environ-
ment, strips are formed perpendicular to the propagation axis,
with a higher concentration of dielectric particles. This may
be due to the presence of temperature gradients, caused by the
intensity of the light beam in those areas. This accumulation
of particles can be seen in Fig. 13.

It should be mentioned that the propagation of light at the
exit of the optical fibers was compared with a simulation pre-
viously reported with the computational results of Ribeiro R.
et al. (2015) [10] and a concordance was found.

Likewise, the variations of the intensity profiles are in
agreement with some experimental results that have been ob-
served experimentally with Alvarado Z. J. (2013) [2] and Vil-
legas S. G. (2015) [6].

5. Conclusions

In this study, it was possible to simulate the propagation of
light at the exit of conventional optical fibers (single-mode
and multimode). Studies of intensity profiles were carried
out in which it was found that the light beam at the exit of
the fiber presents diffraction, as predicted by the fundamental
theory. These studies suggest that the mentioned light beam
behaves like a beam that passes through a circular opening.
The variation of the shape of the beam at the exit of the fiber
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was also simulated when the radius of the core and the nu-
merical aperture of the fiber core are varied.

Regarding intensity distributions in single-mode and mul-
timode fibers, it is possible that the distributions are not uni-
form, especially in multimode fibers, because of the existence
of various propagation modes. In single-mode fibers, light is
propagated just in one way, compared to that of multimode
fibers, in which multiple modes of propagation are possible;
therefore the distribution is more uniform at the exit of the
fiber tip compared to multimode, and in the latter, there are
multiple modes of propagation. In a single-mode fiber, the
greatest intensity of the electric field is right after the exit of
the fiber. This does not happen with multimode fiber, as the
intensity varies along the axis of propagation.

On the other hand, electric field vectors behave approxi-
mately as a spherical wavefront in conventional fibers. The
diffraction present in the intensity profiles behaves according
to the Fresnel number. In both cases, the diffraction tends to
be a Fraunhofer one. An interesting fact is the existence of
“electric field intensity wells” in simulated fibers, except in
single-mode fiber. It is suggested that these areas could be
used for confining microparticles whose dimensions are of
just a few micrometers.

As future work, it remains to simulate and study in-depth
the force fields acting at the exit of the optical fiber, and also
study the relationship between the conversion of light energy
to heat energy.
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