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Abstract

We propose a novel method to efficiently produce light beams with radial, azimuthal, and hybrid polarization,

through a few-mode fiber excited by a Laguerre–Gaussian beam. With different input polarization we can selectively

excite different combinations of modes from the LP11 group. We propose to show how to transform the output beam

into a cylindrical vector beam in free-space through various polarization transformations.
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1. Introduction

Bessel–Gaussian vector beams are solutions of

the vector wave equation in the paraxial limit [1,2].

Some of these solutions obey cylindrical symmetry

both in amplitude and polarization (cylindrical

vector beams, CVB).

The peculiar features of CVB have attracted a

great deal of interest on them. Possible applica-

tions include microscopy, lithography [3], electron
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acceleration [4], material processing [5], high-

resolution metrology [6], microellipsometry [6],
and spectroscopy [7]. For optical trapping the

most interesting features arise from the focusing

properties of these beams [8,9]; a radial polarized

beam is able to trap a particle whose dielectric

constant is higher than the ambient medium, while

an azimuthally polarized beam works as a trap for

a particle with dielectric constant lower than the

ambient medium. Switching between radial and
azimuthal polarization can be done using two half-

wave plates [6].

Various alternative methods have been pro-

posed to produce CVB: a double interferometer

configuration to convert a linearly polarized laser

beam into a radially polarized one [10]; the

summation inside a laser resonator of two
ed.
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orthogonally polarized TEM01 modes [11]; com-

puter-generated sub-wavelength dielectric gratings

[12]; a space variant liquid crystal cell [13]; a radial

analyzer consisting of a birefringent lens [6]; a

surface-emitting semiconductor laser [14]; an ex-

citation of a few-mode optical fiber with an offset
linearly polarized Gaussian beam [15].

In this paper we propose a novel technique to

generate CVB.

The technique studied in this work, which to the

best of our knowledge has never been investigated

before, takes advantage of the similarity between

the polarization properties of the modes that

propagate inside a step-index fiber and CVB. The
main goals of the technique are its high stability

and power efficiency.

Along with the fundamental mode LP01 (HE11),

the few-mode fiber supports also the modes LP11

(TE01, TM01, and HE21) [16]. These modes are

reminiscent of CVB. In particular, the modes TE01

and TM01 present, respectively, an azimuthally

and radially polarized electric field, while the mode
HE21 has a hybrid structure. The modal power

distribution over the cross-section of the fiber is

different for the modes LP01 and LP11. For the

former the power is concentrated in a small area

around the axis of the fiber; for the latter it is

distributed in a doughnut shape around the axis.

This provides a means to selectively excite a mode

from the group LP11 by distributing the input
power in a doughnut shape, for example, using a

first order Laguerre–Gaussian LG1;0 beam at the

input of the fiber instead of a Gaussian beam. In

this way (Section 2) we show numerically that

more than the 50% of the input beam power can be

coupled into the LP11 modes and practically no

power into the fundamental LP01. The Laguerre–

Gaussian beam can be produced by transforma-
tion of a Hermite–Gaussian HG0;1 beam by a cy-

lindrical lens mode converter [17], by computer

generated-holographic masks [18], or by transfor-

mation of a Gaussian beam by an interferometer

and a cylindrical lens mode converter [19].

The propagation constants of the LP11 modes

are different; hence the polarization state of the

total field varies along the fiber, as shown in Sec-
tion 3.When the light reaches the output endface, it

excites a Bessel–Gaussian beam in free-space [1,2].
This special kind of beams preserves the main po-

larization features that characterize the fiber modal

fields. In particular, some of these beams present a

cylindrically symmetrical polarization.

Usually a combination of LP11 modes is ex-

cited. For this reason the Bessel–Gaussian beam
in free-space does not necessarily have a cylin-

drically symmetrical polarization. In Section 4 we

will demonstrate how to transform such a beam

into a generic CVB using various polarization

transformations. Then it can be shown that it is

possible to obtain any kind of CVB with a pure

polarization rotator consisting of two half-wave

plates [6].
The experimental results are described in

Section 5.
2. Coupling coefficients

This section presents the numerical calculations

of the coupling coefficients between an input LG1;0

beam and the LP11 modes of a few-mode step-

index optical fiber, with a core radius aco ¼ 2:15
lm and a refractive index height profile parameter

[16] D ¼ 0:34%. The wavelength is assumed to be
k ¼ 632:8 nm. These are the parameters of the

commercial fiber used in the experiments (Thorl-

abs, FS-SN-4224).

If the waist of the input beam is placed at the

fiber input at z ¼ 0, the electric field is given by:

Eiðr;/Þ ¼ A
r
w0

e
� r2

w2
0ei/; ð1Þ

where A is a constant that defines the polarization

and amplitude of the beam, w0 is the beam waist, r
and / are the radial and azimuthal coordinates,

respectively. It is well known that the azimuthal

term ei/ is responsible for a screw phase singular-
ity, or optical vortex [20].

With the total electric field Et at the fiber input

known, the amplitudes of the excited modes can be

calculated through [16]:

aj ¼
1

2Nj

Z
A1

Et � h�tj � ẑdA; ð2Þ

where h�tj is the transverse component of the
magnetic field of the jth mode, A1 is the infinite
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Fig. 1. Excitation with a þr beam for different input beam

waist. (a) Total power coupled into the modes of the LP11 group

(solid line). The dotted line plots the power coupled into each of

the modes TE01 and TM01. (b) Phases of the excited TE01 and

TM01 modes at the input.
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Fig. 2. Excitation with a �r beam for different input beam

waist. (a) Total power coupled into the modes of the LP11 group

(solid line). The dotted line plots the power coupled into each of

the modes HEe
21 and HEo

21. (b) Phases of the excited HEe
21 and

HEo
21 modes at the input.
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cross-section, Nj is a normalization factor, and bz is

the unit vector along the propagation direction.

The exact determination of Et can be compli-

cated due to the reflection at the fiber input and

the variation of the refractive index over the fiber
section. However these facts can be ignored in the

weakly guidance approximation, and the field Et

can be taken proportional to the incident field:

Et ¼
2n0

n0 þ nco
Ei; ð3Þ

where n0 is the free-space refractive index and nco
the core refractive index.

The coupling coefficient Pj of the jth mode is

given by:

Pj ¼
jajj2Nj

PT
; ð4Þ

where PT is the input beam power.

Using Eqs. (1)–(4) and the expression of the

modal fields given in [16], we found numerically

the coupling coefficients for an input LG1;0 beam

with different waists w0. The beam was always

considered to be centered on the fiber with neither

tilt nor offset.
If the input beam has a circular polarization

þr, so that the rotation directions of the phase

and polarization coincide, the TE01 and TM01

modes are excited with the same efficiency

(Fig. 1(a)). At the optimum size of the waist,

wopt ffi 1:9aco, 56% of the total power is coupled to

these modes; the rest is transmitted by radiation

modes. The power coupled into the fundamental
mode LP01 and HE21 modes is negligible. When

the waist is increased beyond the optimum value

the coupled power decreases slowly. The modal

amplitude phases vary significantly, but with a

constant difference of p=2 between the TE01 and

TM01 modes (Fig. 1(b)).

The same considerations can be stated when the

input beam has a circular polarization �r, so that
the polarization and phase of the input beam ro-

tate in opposite directions (Fig. 2). The main dif-

ference is that only the even and odd HE21 modes

are excited. Hence, the phase singularity in the

input beam causes the þr and �r excitations to be

different, and permits to excite selectively different

sets of modes from the LP11 group.
The selective excitation of the fiber modes by

þr and �r circularly polarized inputs is related to

the presence of topological charge in the input
Laguerre–Gaussian beam, and to the coupling of
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Fig. 3. Excitation with a linearly polarized beam for different

input beam waist. (a) Total power coupled into the modes of

the LP11 group (solid line). The dotted line plots the power

coupled into each of the modes TE01, TM01, HEe
21, and HEo

21.

(b) Phases of the excited TE01, TM01, HEe
21, and HEo

21 modes at

the input.
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spin and orbital angular momentum of light in the

fiber [21].

Now we assume that the input beam has a lin-

ear polarization (Fig. 3). Again most of the power

is coupled into the LP11 modes and the power

coupled into the fundamental mode LP01 is negli-

gible. The principal effect of the polarization is
that now all the four LP11 modes are simulta-

neously equally excited. A phase shift of p=2 exists

between TE01 and HEe
21; between HEe

21 and HEo
21;

between HEo
21 and TM01, and between TM01 and

TE01.

The state of input beam polarization affects the

modal amplitudes and the power distribution be-

tween the modes, but not the total power coupled
into the LP11 mode group.
Fig. 4. Polarization patterns of the (a) TE01, (b) TM01, (c)

HEeven, and (d) HEodd modes.
3. Propagation of the fields along the fiber

The transverse electric fields of four LP11 modes

is given by [16]:

eTE ¼ F ðrÞ sinð/Þx̂
n

� cosð/Þŷ
o
; ð5Þ

eTM ¼ F ðrÞ cosð/Þx̂
n

þ sinð/Þŷ
o
; ð6Þ
eHEe ¼ F ðrÞ cosð/Þx̂
n

� sinð/Þŷ
o
; ð7Þ

eHEo ¼ F ðrÞ sinð/Þx̂
n

þ cosð/Þŷ
o
; ð8Þ

where F ðrÞ is a radial function. The polarization

patterns of these modes are shown in Fig. 4.

The state of total field polarization varies along

the fiber because there are three propagation

constants for these modes; bHE for even and odd

HE21 modes; bTE for the TE01 mode; and bTM for
the TM01 mode.

Using a þr input only TE01 and TM01 modes

are excited, and the polarization pattern (Fig. 5(a))

along the fiber changes with spatial periodicity

zTE�TM ¼ 2p=ðbTE � bTMÞ ¼ 0:63 m. Therefore by

using certain lengths of the fiber the polarization

state forms a generic CVB.

By a �r input (Fig. 5(b)), the two launched
modes, i.e. even and odd HE21, have the same

propagation constant, i.e no variation of polari-

zation state is expected along the fiber. Because of

the p=2 phase-shift between these two modes, the

polarization state is circularly polarized.

The case of a linearly polarized input beam is

more complicated. In this instance, four different

modes with three different propagation constants
are launched. The beam at the input has the fol-

lowing polarization state:

eðz ¼ 0Þ ¼ eTE½ þ ieTM � ieHEe � eHEo �eifðw0Þ; ð9Þ
where the modal amplitudes and phases result

from the numerical calculations (3), and fðw0Þ is a
phase depending on the beam waist. Over the

length of the fiber the polarization state of the field

varies as:

eðzÞ ¼ eTE
�

þ ieTMe
�i2pz=zte�tm

� ðieHEe þ eHEoÞe�i2pz=zte�he
�
eifðw0Þ; ð10Þ
21 21



Fig. 5. Polarization states along the fiber for þr (a) and �r (b)

input beam with optimum waist, w0 ¼ 1:9aco.
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where zTE�TM ¼ 0:63 m, and zTE�HE ¼ 0:18 m. A

non-periodical spatial variation of the polarization

properties of the modes is expected.
The results above show that the modal combi-

nation at the fiber output is not always a CVB and

depends on the input beam polarization and on the

length of the fiber. In the next section we show

how an output beam can be converted to an azi-

muthal or radial CVB.
Fig. 6. Experimental setup.
4. CVB generation

To transform the output beam from the fiber

into a CVB in free-space, various conventional

polarization transformation can be performed.

With a þr polarized beam the output is a hy-

brid CVB for certain lengths of the fiber, i.e. a

combination of radial and azimuthal CVB with the
same initial phase. Two half-wave plates (a pure

polarization rotator [6]) permits one to transform

the beam into a radial or azimuthal CVB.

If the fiber is excited with a )r circular polari-

zation, the output beam is a combination of the

even and odd HE21 modes. By using a half-wave

plate it is possible to convert from an LP11 fiber

mode into another: HEe
21 and HEo

21 modes can be
converted into either a TE01 or a TM01 mode, and

vice versa. However, because of the p=2 phase shift
between these two modes, such an output beam

can not be transformed to a CVB. Only the com-

bination of HEe
21 and HEo

21 modes with the same

phase can be converted into a generic CVB, i.e. an

in-phase combination of TE01 and TM01 modes.

As we will see in the experimental part of this work
in Section 5, any deviation from cylindrical sym-

metry, which, for example, can be induced by de-

formation of the fiber, results in a difference

between the propagation constants of the two
modes, and, consequently, in the possibility of

varying the phase shift between the two modes.

In the case of a linear polarization, the four

LP11 modes are excited, and the output state of

polarization produced in the ideal fiber cannot be

transformed into a CVB. However, as we show in
the experiments, it is possible to achieve a partic-

ular structure of the beam that can be transformed

into a CVB through use of a quarter-wave plate.
5. Experimental results

The scheme of the experimental setup is pre-
sented in Fig. 6.

A linearly polarized beam with wavelength

k ¼ 632:8 nm of a He–Ne laser was diffracted on a

computer generated holographic mask and pro-

duced a set of Laguerre–Gaussian beams of vari-

ous orders [18]. Using a spatial filter we selected a

LG1;0 beam. The beam was focused into a fiber by

a 10� objective (O1) with numerical aperture
NA ¼ 0:25 and focal distance of about 7 mm. The

numerical aperture of the objective matches the

NA of the fiber used.

The principal characteristics of the fiber

(Thorlabs, FS-SN-4224) are: the core and cladding

refractive indices aco ¼ 1:458 and ncl ¼ 1:453; re-
spectively, and aco ¼ 2:15. The length of the fiber

was 0:35 m. At k ¼ 632:8 nm, the fiber supports
the fundamental LP01 (i.e. HE11) and the modes of

the LP11 group (TE01, TM01 and HE21). We put the

fiber inside a plexiglass tube to prevent it from

twisting, turning or moving.



Fig. 8. The �r input polarization. In the first row, the intensity

distribution and the polarization state of the beam with no

external polarization elements. In the second row, an azi-

muthally polarized beam, obtained from the output through a
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The presence of LP11 modes is denoted by a

doughnut shaped intensity seen on a screen. To

distinguish between the various modes of this

group and to establish the output polarization

states we used a polarization analyzer [22]. In this

case a characteristic two lobe pattern with a dark
line in the middle appears. The TE01 and TM01

were distinguished from the HE21 modes by rota-

tion of the analyzer. The dark line rotates in the

same direction as the analyzer for the former

modes and in the opposite direction for the latter

modes. The TE01 mode is distinguished from the

TM01 mode by the direction of the dark line

through the pattern: it is parallel to the direction of
the polarization of the incident light for the TE01

mode and perpendicular to it for the TM01 mode.

In the case of a set of TE01 and TM01 modes

with the same phases the dark line makes 45� in a

clockwise direction with respect to the principal

axis of the analyzer and rotates in the same sense

as it. In the case of a out-of-phase set the dark line

makes 45� in a counterclockwise direction.
The first row of Fig. 7 shows the output beam in

the case of a þr input beam. Analyzing its po-

larization we deduced that we had indeed excited

an in-phase combination of TE01 and TM01

modes, i.e. a set of a azimuthal and radial CVB.

With a two half-wave plate pure polarization ro-
Fig. 7. The þr input polarization. In the first row, the intensity

distribution of the beam that emerges from the fiber: (a) directly

with no external polarizing elements, (b)–(e) after passing a

analyzer orientated in the direction of the arrow. (f) Depicts the

polarization states deduced from the polarization measure-

ments. In the second row, an azimuthally polarized beam, ob-

tained from the output through a 45� clockwise polarization

rotation. In the third row, a radially polarized beam, obtained

through a 45� counterclockwise polarization rotation.
tator we transformed this beam to the azimuthal

(Fig. 7, second row) and radial (Fig. 7, third row)

CVB.

With a �r input beam (Fig. 8, first row) we

found out that the output beam is a set of HEe
21

and HEo
21 modes: indeed, the dark line produced

by the rotation of analyzer rotated in the opposite

direction. The polarization properties of this beam

permitted us to deduce that the two HE21 modes

were in-phase, so that the initial p=2-phase shift

had been compensated. A single half-wave plate

transformed this beam to an azimuthal (Fig. 8,

second row) and radial (Fig. 8, third row) beam.
half-wave plate with vertical principal axis. In the third row, a

radially polarized beam, obtained through a half-wave plate

with principal axis forming a 45� angle with the vertical.

Fig. 9. The linear input polarization. In the first row, the in-

tensity distribution and the polarization state of the beam with

no external polarization elements. In the second row, a hybrid

CVB, obtained from a quarter-wave plate with principal axis

forming a 45� clockwise angle with the vertical. In the

third row, a beam obtained through a 45� counterclockwise

polarization.
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In the first row of Fig. 9 the output beam is

shown in the case of a linearly polarized input. The

field can be interpreted as the phase-quadrature

summation of an in-phase combination of TE01

and TM01 modes, which form a CVB, and a set of

HE21 modes. We can deduce that a phase shift has
occurred along the fiber between the two HE21

modes, i.e. their propagation constants are slightly

different.

A quarter-wave plate transforms this beam into

a CVB (Fig. 9, second row). A double half-wave

plate pure polarization rotator can then be used to

obtain a cylindrical vector beam of any assigned

polarization. With a different orientation the
quarter-wave plate makes the beam polarization

similar to the hybrid modes (Fig. 9, third row).

The efficiency of the transformation between

the input LG mode and the fiber CVB modes is

about 30%, and does not depend on the input

polarization.
6. Conclusions

We have shown theoretically and experimen-

tally that the excitation of a few-mode fiber with a
doughnut beam, in particular, with a first-order

Laguerre-Gaussian beam, is an efficient method

for producing high-quality cylindrical vector

beams. This method is particularly remarkable

because it permits one to reject the fundamental

mode that could spoil the cylindrical symmetry of

the output beam. Cylindrical symmetry is achieved

at the maximum of output intensity, allowing one
to automate the alignment process. The theoretical

estimations and experimentally achieved values for

the efficiency demonstrates the potential of this

method.
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