Global beam shaping with nonuniformly polarized beams:

a proposal

V. Ramirez-Sanchez and G. Piquero

A procedure for global beam shaping by modifying some global spatial parameters characteristic of the
beam is proposed. This method is based on the generation of a nonuniformly polarized beam using a
Mach-Zehnder system with two suitably shaped intensity transmittances and orthogonal linear polar-
izers. The changes in beam quality and kurtosis parameters after a linear polarizer placed at the output
of the system are investigated. © 2006 Optical Society of America
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1. Introduction

As is well known, optical devices that modify the
irradiance distributions of laser beams are useful in
many applications, such as sources of heat for drilling,
welding, and surface treatment. Laser fusion experi-
ments, information recording, or optical data process-
ing are other applications in which an appropriate
transversal profile is required. A large number of
methods for beam shaping have been proposed and
implemented. They are based on different phenomena,
such as refraction,! reflection of beams over prescribed
surfaces,24 diffraction,> or absorption.¢ The use of fil-
ters or apodization methods are additional approaches
to beam shaping.”-8 All the techniques mentioned
above are based on the scalar theory of light without
taking into account its vectorial character. There are
few papers that use the phenomenon of polarization for
beam shaping. For example, Simmons et al.® designed
a device based on the Pockels and Faraday effects in
order to profile a plane-polarized, collimated, and mono-
chromatic wave. Birefringent lenses are included in
laser resonators to obtain predetermined profiles.10.11
All the above methods are focused on modifying the
distribution of the irradiance at each point of the
transverse section of the beam.

On the other hand, the spatial structure of laser
beams can be characterized by means of some glob-
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al parameters based on the so-called intensity
moments.12-16 The beam quality parameter'® and
kurtosis!? are two of them. For some particular ap-
plications adequate values of these parameters are
required, and it is necessary to design optical systems
that modify the global characteristics of the beam. In
this sense we will say we are doing a global beam
shaping. Some optical elements have been proposed
to change both parameters, such as binary phase
plates,'® quartic phase plates,'® aberrated lenses,20
and axicons,2! among others.

In the present paper we propose what we believe to
be a new procedure for changing the global charac-
teristics of beams taking the vectorial nature of light
into account. The method is based on the synthesis of
totally and nonuniformly polarized beams with a
Mach-Zehnder interferometer. Two different ampli-
tude filters and two orthogonal polarizers placed at
each arm of the interferometer cause a nonuniform
change in the state of polarization over the transversal
section of the beam. By rotating a linear polarizer at
the output of the interferometer, we modify the irra-
diance of the beam and its global characteristics. The
changes in beam quality and the kurtosis parameters
are investigated.

The paper is structured as follows. After the intro-
duction in Section 1, the definitions and some proper-
ties of the beam quality and kurtosis parameters are
presented in Section 2. The procedure used for global
beam shaping by generating a totally nonuniformly
polarized beam is explained in Section 3. Finally, the
conclusions are given in Section 4.

2. Formalism and Definitions

Let us start with a monochromatic plane wave prop-
agating along the z axis, written in terms of its s and



p components as follows:
E(x; 2) =[E(x; 2), E,(x; 2)]. (1)

Note that for the sake of simplicity, we shall refer to
a two-dimensional case in which one of the transverse
coordinates can be neglected. We define the moments
of a partially polarized beam using!>

1
(aB) =7 f f f aBE/ (x +5/2, 2)E;(x — s/2, 2)
X exp(iksu)dsdxdu, (2)

where the symbol T denotes the adjoint and the over-
bar represents an ensemble average. In Eq. (2) x is
the spatial coordinate; u represents an angle of prop-
agation (without taking the evanescent waves into
account); o, B = x, u; and the subscript j refers to the
s or p components of the field.

In terms of these measurable moments the expres-
sion of the beam quality parameter in the waist plane
is given by22

I? = LI,
Q=5 @+ 5@+ 5 Qu (3)
with
Q = (¥*Xu?), 4)
Q. = (x*)(u?),, (5)
Q, = (") (u?),, (6)
Qup = ($)(u?), + (¥2)(u?),, (7

where I, and I, are the powers associated with the s
and p components, respectively, and I = I, + I,. Usu-
ally, (x*) and (¢?) are connected with the beam width
and the far-field divergence of each field component.
For simplicity, we are considering (x) = (u) = O.
The minimum value of @ is reached by totally and
uniformly Gaussian beams and takes the value
Q, = 1/4k* with k = 2m/\ the wavenumber and \ the
wavelength of the beam. Note that @ is related to the
standard beam propagation factor M? through the ex-
pression (M?)? = k?Q. The beam quality factor, @,
gives us an idea about the focusing and collimation
capabilities of a laser beam. These characteristics are
related to the high focusability (small beam width)
along with low beam divergence at the far field, which
are the required conditions in numerous laser appli-
cations. The beam quality parameter is invariant
upon propagation through the ABCD optical systems.

On the other hand, another useful parameter is the
kurtosis parameter defined in terms of higher-order
averages of the beam as??

(x*)
= <x2>27 (8)
with
I I
(@) = )+ Fat, (9)
I I
(%) = 1), + ). (10)

Taking this definition into account, the profile of any
laser beam can be classified as leptokurtic, mesokurtic,
or platykurtic, depending on whether K is higher than,
equal to, or lower than 3, which is the kurtosis value of
a pure Gaussian beam (K,). Leptokurtic and platykur-
tic profiles imply sharper and flatter beams, respec-
tively, than in the Gaussian case.

3. Global Beam Shaping

The totally and nonuniformly polarized beam would
be generated using a Mach—Zehnder interferometer.
Two orthogonal linear polarizers and two different
amplitude filters are placed at each arm. In our par-
ticular case we have chosen the following transmit-
tances:

bn(x) = exp[—;(ax)zm], av

ty(x) = exp[—é(bx)”], (12)

where a and b are positive constants related to the
aperture widths.

Within the framework of the Jones matrix treat-
ment, to determine the field amplitude at the output
plane of the Mach—Zehnder system (MZS), we will
make use of the paraxial approximation, which is
consistent with the intensity moment treatment. The
Jones vector at the output of the MZS takes the form

L‘m(x)Es("’(x)> (13)

E©® (x)= (tn(x)Ep(i) (@)

where the superscripts (o) and (i) refer to the output
and input beams, respectively. From Eq. (13) it can be
seen that E©® represents a totally and nonuniformly
polarized beam.

By using Eqgs. (2)—(13) the following analytical ex-
pressions for the beam quality and kurtosis parame-
ter of the field E are derived:
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where I' is the gamma function. We can see that @
and K depend on the transmittance parameters, m, n,
a, and b. From Eq. (14) we find that @ reaches a
minimum value when m = n and @ = b. In such a case
we have a uniformly totally polarized beam.

To modify the parameters given by Eqs. (14) and
(15) a linear polarizer is placed at the output plane of
the MZS. In this way, by rotating this polarizer we
can perform a global beam shaping. The Jones vector
at the output of the polarizer, whose transmission
axis forms an angle 6 with the x axis, is

E'© () = [EO @)ty (x)c0s 6 + E,@)t, (x)sin ]
cos 0
X (sin 6)’

where the prime indicates the parameters after the
polarizer. The field E'“(x) is totally and uniformly
polarized. Note that for material processing the po-
larization of light is another feature to take into ac-
count.?3

For the particular cases of 6 = 0° and 90°, we find
that the beam quality and kurtosis parameters after
the polarizer are independent of the widths a and b.

(16)
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Fig.1. Squared profiles of the transmittances, ¢,,2(x) and t,,%(x), for

a=b=1mm 'and m = 10 and n = 0.6.
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They take the following simple analytical forms:

, PTrE/2nre-1/2)

S ViV5) an
. T(5/2D)T(1/21)
S VeI (18)

with [ equal to m for 6 = 0° and equal to n for 6 =
90°. For other angles, @' and K’ depend on the trans-
mittance parameters.

To analyze the variation of the beam quality and
kurtosis parameters when the polarizer rotates, we
use two amplitude filters with m = 10, n = 0.6, and
a =b = 1mm ' as an example. Squared profiles of
these transmittances have been plotted in Fig. 1. The
beam intensity distribution coincides with the pro-
files of Fig. 1 when the transmission axis of the po-
larizer is 0° and 90°, respectively. On the other hand,
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Fig. 2. Beam quality parameter at the output of the polarizer
normalized to the beam quality of a Gaussian beam with the same
wavelength, Q'/Q,, versus the angle of the polarizer 6.
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Fig. 3. Kurtosis parameter at the output of the polarizer normal-
ized to the kurtosis of a Gaussian beam with the same wavelength,
K'/K,, versus the angle of the polarizer 6.

from Egs. (14) and (15) we find that for the initial beam
generated at the output of the MZS the beam quality
and kurtosis parameters, normalized to Gaussian
beam values (@, and K,) with the same wavelength,
take the values Q/Q, = 8.02 and K/K, = 2.02, re-
spectively. Moreover, by using Eqs. (2), (3), and (8)
the beam quality @'/Q, and the kurtosis parameter
K'/K, at the output of the polarizer for different an-
gles 6 can be computed. The results have been rep-
resented in Figs. 2 and 3. From Fig. 2 we see that the
beam quality for 6 = 0° takes the value Q,'/Q,
= 6.43 and for 6 = 90°, Qg-'/Q, = 1.394. The mini-
mum value of @'/Q, (best quality) is reached for
6 = 88.81° (Q'/Q, = 1.390), and the maximum
(Q'/Q, = 190.178), for 6 = 134.65°. For the kurtosis
parameter in Fig. 3 we see that K'/K, takes values
from 0.61 to 2.17. For 6 = 0° and 6 = 90° the kurtosis
takes the values K,.' /K, = 0.61 and Ky-'/K, = 1.58,
respectively. For the angles 6 = 10.31°, 111.15°,
142.95°, and 171.42° we have a mesokurtic beam
(K'/K, = 1). For the rest of the angles the beam
changes from leptokurtic to platykurtic and vice
versa.

From the above we see that it is possible to obtain
beams with different global parameters in a simple
way by rotating the transmission axis of the polar-
izer. On the other hand, diffraction effects are ex-
pected to be nonnoticeable because we handle soft-
edge apertures. Finally, we would like to remark that
the values of the global parameters can be changed at
will in the proposed system by modifying the charac-
teristics of the transmittances.

4. Conclusions

A method has been proposed for global beam shaping
that modifies two characteristic parameters of a
beam: the beam quality parameter and the kurtosis
parameter. The procedure is based on the synthesis of
a totally and nonuniformly polarized beam using a
Mach-Zehnder system with orthogonal polarizers,
different amplitude transmittances at each arm, and
a linear polarizer at the output of the interferometer.

By rotating this last polarizer a continuous change of
the global parameters is obtained.
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