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Abstract

An experimental procedure for the synthesis of a class of partially polarized Gaussian Schell-model sources is

proposed. The experimental set-up is based on Mach–Zenhder interferometer. This kind of sources give rise to not only

a coherence degree and intensity profile that are both Gaussian but also a Gaussian local degree of polarization in each

plane upon free propagation. Measurements of the local degree of polarization and the intensities in the far field are

presented. It is shown that from these measurements some characteristic parameters of the source can be ob-

tained. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Partially coherent Gaussian Schell-model sour-
ces [1] have been extensively studied within the
scalar framework. Beams emitted by such sources
often represent a good model to describe real
beams, such as those radiated by multimode lasers
[2–4]. Recently, increasing attention has been de-
voted toward light beams generated by sources
that are both partially coherent and partially po-
larized [5–15]. In particular, a new class of sources,
the so-called partially polarized Gaussian Schell-
model sources, has recently been introduced [15].
The propagation of beams radiated by such sour-

ces has been studied, within the paraxial approxi-
mation, through the formalism based on the Beam
Coherence-Polarization matrix (BCP from now
on) [10,11]. Furthermore, it has been theoretically
found [15] that these beams exhibit interesting
behavior upon free propagation when the polar-
ization across their transverse sections is studied.
In the present work we show experimental results
concerning the synthesis of a partially polarized
Gaussian Schell-model source. Such a source has
been generated by exploiting the van Cittert–Zer-
nike theorem for partially coherent, partially po-
larized beams [13], starting from two incoherent
primary sources linearly polarized along orthogo-
nal axes, and eventually superposed through a
Mach–Zehnder interferometer [15]. The obtained
partially polarized Gaussian Schell-model source
has been characterized by means of measurements
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made on the radiated beam. In particular, from the
far-field transverse intensity profiles of the beam,
after passing through a linear polarizer rotated at
two different angles, information about the co-
herence features of the source has been obtained.
Furthermore, the state of polarization, as well as
the local degree of polarization across the whole
transverse section of the beam in the far field, has
been studied and measured. It is shown that such
kind of sources produce a Gaussian shaped dis-
tribution of the degree of polarization across the
transverse section of the beam.

The paper is organized as follows. In Section 2
we recall definitions and formalism related to BCP
matrix and partially polarized Gaussian Schell-
model beams. In particular, the procedure syn-
thesis is outlined and analytical expressions for the
far-field matrix are given. In Section 3, the exper-
imental set-up and two kind of measurements on
the beam generated by a partially polarized
Gaussian Schell-model source are presented. From
these measurements some characteristic parame-
ters of the source are obtained. Finally, in Section
4 the main conclusions are given.

2. Formalism and definitions

We shall use a reference frame in which the z-
axis coincides with the mean propagation direction
of the beam. In a transverse plane, r is used to
specify the position of a point. For a quasi-
monochromatic field, the BCP matrix is defined as
[10,11]

ĴJðr1; r2; zÞ ¼
Jxxðr1; r2; zÞ Jxyðr1; r2; zÞ
Jyxðr1; r2; zÞ Jyyðr1; r2; zÞ

� �
; ð1Þ

where

Jabðr1; r2; zÞ ¼ E�
aðr1; z; tÞEbðr2; z; tÞ

� �
ða; b ¼ x; yÞ:

ð2Þ
Here the asterisk denotes the complex conjugate,
the angle brackets denote time average, and Ea

ða ¼ x; yÞ is a cartesian component of the time-
dependent electric field. The BCP matrix is given
within the paraxial approximation and without
taking into account the longitudinal component of
the electric field.

The following relationships for the BCP matrix
hold:

Jxyðr1; r2; zÞ ¼ J �
yxðr2; r1; zÞ; ð3Þ

Jabðr1; r2; zÞ
�� ��2 6 Jaaðr1; r1; zÞJbbðr2; r2; zÞ

ða; b ¼ x; yÞ: ð4Þ

Furthermore, the following non-negativeness
condition has to be satisfied:Z Z

f �
1 ðr1Þf1ðr2ÞJxxðr1; r2; zÞ

�
þ f �

1 ðr1Þf2ðr2ÞJxyðr1; r2; zÞ

þ f �
2 ðr1Þf1ðr2ÞJyxðr1; r2; zÞ

þ f �
2 ðr1Þf2ðr2ÞJyyðr1; r2; zÞ

�
d2r1 d

2r2 P 0; ð5Þ

where f1ðrÞ and f2ðrÞ are arbitrary functions.
The local polarization properties of the beam at

a typical point of a cross section are specified by
the BCP matrix with r1 ¼ r2 ¼ r. We shall refer to
it as the local polarization matrix. In particular,
the degree of polarization [1] is given by [11]

P ðr; zÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

4 det ĴJðr; r; zÞ
h i

Tr ĴJðr; r; zÞ
h in o2

vuuuut ; ð6Þ

where det stands for the determinant and Tr de-
notes the trace. In addition, we can define an
equivalent mutual intensity as

Jeqðr1; r2; zÞ ¼ Jxxðr1; r2; zÞ þ Jyyðr1; r2; zÞ

¼ Tr ĴJðr1; r2; zÞ
h i

: ð7Þ

In fact, if no anisotropic element is used, all
propagation, diffraction, and interference phe-
nomena are correctly described by replacing the
actual beam by a scalar beam, provided that the
mutual intensity of the latter is given by Eq. (7)
[11,16]. In particular, the optical intensity at a
typical point, say Iðr; zÞ, is given by

Iðr; zÞ ¼ Jeqðr; r; zÞ: ð8Þ
For the partially polarized Gaussian Schell-

Model sources [15], the elements of the BCP
matrix are given by

10 G. Piquero et al. / Optics Communications 208 (2002) 9–16



Jabðr1; r2; 0Þ ¼ I0ab exp

"
� r21 þ r22

4r2
I0ab

� r1 � r2j j2

2r2
l0ab

#

ða; b ¼ x; yÞ; ð9Þ

where rI0ab
and rl0ab

are real, positive quantities.
The parameters rI0aa , rl0aa

and I0aa are related to the
beam width, the transverse coherence length and
the intensity of each component of the electric field
(x or y) while I0xy may be complex and satisfy
I0yx ¼ I�0xy due to Eq. (3). In physical terms, the
argument of I0xy accounts for a constant phase
shift between the x- and y-components of the field.
Such a phase difference could be eliminated using a
suitable wave plate. Accordingly, for the sake of
simplicity, the argument of I0xy is set equal to zero.
It is seen that the matrix formed by elements (9) is
specified by a set of nine real parameters. Beams
generated by this type of source have already been
considered by some authors [8,12].

In the following we shall limit ourselves to the
class of partially polarized Gaussian Schell-model
sources described by the BCP matrix of the form

ĴJðr1; r2Þ ¼ I0 exp

 
� r21 þ r22

4r2
I0

!

�
exp � r1�r2j j2

2r2l0xx

� �
v exp � r1�r2j j2

2r2l0xy

� �

v exp � r1�r2j j2
2r2l0xy

� �
exp � r1�r2j j2

2r2l0xx

� �
0
BBB@

1
CCCA; ð10Þ

where v is a parameter such that 06 v6 1. This
kind of sources are indistinguishable from Gauss-
ian Schell-model sources from a scalar viewpoint if
no anisotropic elements are used. The parameters
characterizing the source are rI0 , rl0xx , rl0xy and v.
As we shall see in a moment, sources described by
the matrix in Eq. (10) can be experimentally syn-
thesized starting from a quasi-monochromatic
spatially incoherent source endowed with suitable
polarization features, by employing the general-
ization of the van Cittert–Zernike theorem to
partially polarized Schell-model sources [13].

The BCP matrices with Jxx ¼ Jyy and Jxy ¼ Jyx,
like that in Eq. (10), can be diagonalized by means
of a rotation of h ¼ �p=4 of the polarization di-
rection. In fact, the matrix (10) in the rotated
frame is

ĴJ 0 ¼ R̂RyðhÞĴJ R̂RðhÞ; ð11Þ

where R̂RðhÞ denotes the Jones matrix correspond-
ing to a rotation of an angle h, i.e., [18]

R̂RðhÞ ¼
cos h � sin h

sin h cos h

 !
: ð12Þ

On substituting from Eq. (12) into Eq. (11), ĴJ 0

turns out to be

ĴJ 0 ¼ Jxx � Jxy 0

0 Jxx þ Jxy

� �
; ð13Þ

which, on recalling Eq. (10), can be written as

ĴJ 0ðr1; r2Þ ¼ I0 exp

 
� r21 þ r22

4r2
I0

!

� g�ðr1 � r2Þ 0

0 gþðr1 � r2Þ

� �
; ð14Þ

where

g�ðuÞ ¼ exp

"
� juj2

2r2
l0xx

#
� v exp

"
� juj2

2r2
l0xy

#
: ð15Þ

The sources of the form (10) can be experi-
mentally realized starting from a quasi-mono-
chromatic spatially incoherent source, say S,
placed at the focal plane of a thin converging lens
L, having focal length f. We assume that the in-
coherent source is characterized by the following
BCP matrix:

ĴJSðq1; q2Þ ¼ I0Sk
2dðq1 � q2Þ

F�ðq1Þ 0

0 Fþðq2Þ

� �
;

ð16Þ
where q is a vector used to specify a point in the
source plane, dð�Þ is the three-dimensional Dirac
function, k is the mean wavelength of the light, I0S
is a positive constant, and F�ðqÞ are two functions,
defined as

F�ðqÞ ¼ exp

��
� q2

2r2
1

�
� a exp

�
� q2

2r2
2

��
;

ð17Þ
where ri ði ¼ 1; 2Þ and a are three real, positive
parameters satisfying the constraints:

a6 1; r1 P r2 ð18Þ
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in order to make the functions F� positive. The
source defined by ĴJS can be thought of as arising
from the superposition of two uncorrelated scalar
sources having orthogonal linear polarization
states and intensity profiles proportional to Fþ and
F�, respectively.

According to the van Cittert–Zernike theorem
for partially polarized sources [13], the BCP matrix
of the field at a distance f from the source is ob-
tained as

ĴJf ðr1; r2Þ ¼ I0S
exp

i pðr2
1
�r2

2
Þ

kf

h i
f 2

�
~FF�

r1�r2
kf

� �
0

0 ~FFþ
r1�r2

kf

� �
0
B@

1
CA; ð19Þ

where the tilde denotes the Fourier transform op-
eration [17]. On inserting from Eq. (17) into Eq.
(19), we find that the diagonal elements of ĴJf are
given by

ĴJf ;aaðr1; r2Þ

¼ I0S2p
r1

f

� �2

exp
ipðr21 � r22Þ

kf

� �

� exp

"(
� 2

pr1

kf

� �2

jr1 � r2j2
#

þ ð�1Þaa r2

r1

� �2

� exp

"
� 2

pr2

kf

� �2

jr1 � r2j2
#)

;

a ¼ 1; 2: ð20Þ

If lens L is covered with an amplitude filter having
Gaussian amplitude transmission function, then
the BCP matrix of the field emerging from the
filter is

ĴJ0ðr1; r2Þ ¼ s�ðr1ÞĴJf ðr1; r2Þsðr2Þ; ð21Þ
where

sðrÞ ¼ exp
ip
kf

� �
r2

�
� r2

2r2
F

�
; ð22Þ

and rF is the rms width of the amplitude filter.
Now, from Eqs. (20)–(22) we see that the BCP

matrix at the output of the filter F is that corre-

sponding to a partially polarized Gaussian Schell-
model source of the form (13) with

I0 ¼ 2I0Sp
r1

f

� �2

; rI0 ¼
rFffiffiffi
2

p ; rl0xx ¼
kf
2pr1

;

rl0xy ¼
kf
2pr2

; v ¼ a
r2

r1

� �2

: ð23Þ

The matrix corresponding to the generated beam
at the far field can be calculated by applying to
each element of Eq. (10) the same propagation
formula [11] used in the scalar case.

We denote by Kðr01; r1; zÞ the kernel of propa-
gation from the plane z ¼ 0 to the plane
z ¼ constant > 0 [19]. Each element of Eq. (10)
obeys a propagation formula of the form [1,16]

Jabðr01; r02; zÞ ¼
Z Z

J0abðr1; r2ÞK�ðr01; r1; zÞ

� Kðr02; r2; zÞ dr1 dr2

ða; b ¼ x; yÞ: ð24Þ

For beam-like fields, the propagation kernel can
be written in the paraxial approximation as

Kðr0; r; zÞ ¼ �i expðikzÞ
kz

exp
ik
2z

ðr0
�

� rÞ2
�
; ð25Þ

where k ¼ 2p=k. In Fraunhofer approximation, we
have

J1
ab ðr01; r02; zÞ ¼

Z Z
J0abðr1; r2Þ

� exp i
k
z
ðr01 � r1

�
� r02 � r2Þ

�
dr1 dr2

ða; b ¼ x; yÞ: ð26Þ

On using Eqs. (10) and (26) we get

J1
xx ðr01; r02Þ ¼ J1

yy ðr01; r02Þ

¼ k
f

� �2 I0
4gcxx

exp

"
� k

f

� �2 jr01 þ r02j
2

16cxx

#

� exp

"
� k

f

� �2 jr01 � r02j
2

4g

#
; ð27Þ

J1
xy ðr01; r02Þ ¼

k
f

� �2 I0xy
4gcxy

exp

"
� k

f

� �2 jr01 þ r02j
2

16cxy

#

� exp

"
� k

f

� �2 jr01 � r02j
2

4g

#
ð28Þ
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with

cab ¼ 1

8r2
I0

þ 1

2r2
l0ab

ða; b ¼ x; yÞ; ð29Þ

g ¼ 1

2r2
I0

: ð30Þ

In particular, the far-field intensities of the beam
after the passage through a polarizer oriented
along two different axis, say 0� and 90�, will be
useful for the comparison with experimental re-
sults. Such intensities turn out to be

Ið0�ÞðrÞ / exp

"
� k

f

� �2 r2

4cxx

#

� cxx
cxy

v exp

"
� k

f

� �2 r2

4cxy

#
; ð31Þ

Ið90�ÞðrÞ / exp

"
� k

f

� �2 r2

4cxx

#

þ cxx
cxy

v exp

"
� k

f

� �2 r2

4cxy

#
ð32Þ

with v ¼ I0xy=I0. Furthermore, the degree of po-
larization in the far field is given by

P1ðrÞ ¼ cxxI0xy
cxyI0

exp

"
� k

f

� �2 r2

4

1

cxy

 
� 1

cxx

!#
;

ð33Þ
which is a Gaussian function of r.

As can be seen from the foregoing development,
from measurements of the intensities after a suit-
ably orientated polarizer and of the degree of po-
larization in the far-field, it is possible to gain
information about the transverse coherence
lengths and the parameter v of the source. In
particular, if the following approximations hold:

rI0 � rl0ab
; ð34Þ

and

cab � 1

2r2
l0ab

ð35Þ

from measurements of the widths of Gaussian
functions given in Eqs. (31)–(33) a complete
characterization of the source is achieved.

3. Experimental results

In this section a method for synthesizing sour-
ces of the type in Eq. (10) is given and experi-
mental results on its characterization are
presented.

The experimental set-up is shown in Fig. 1. In
order to have two uniformly, linearly and or-
thogonally polarized sources, a Mach–Zehnder
interferometer is used. The linearly polarized
beam emitted by an Argon laser enters the in-
terferometer. A half-wave plate rotates by 90�
the polarization axis of the beam in one of the
arms of the interferometer. Two microscope
objectives (MOs) and two rotating ground glas-
ses (RGGs) are used to produce two orthogo-
nally polarized spatially incoherent sources. Two
suitably shaped intensity filters cover each of
such incoherent sources, which are superimposed
at the output of the interferometer and imaged
by another microscope objective (MO0). The
image so obtained represents (approximately) a
spatially incoherent source with Gaussian inten-
sity profile and whose BCP matrix is given by
Eq. (16). By means of a lens (L) placed at the
distance f (corresponding to its focal length)
from the above image, and using a Gaussian
intensity filter (GF) just after the lens (see Fig.
1), a partially polarized Gaussian Schell-model
source is obtained whose Beam Coherence Po-
larization matrix is given by Eq. (14). A rotation
by 45� of the reference frame in the transverse
plane leads to a BCP matrix of the form in
Eq. (10).

The beam generated by such source is analyzed
in the far field by means of a CCD camera. An-
other lens (L) and a microscope objective (MO00)
are used to focus the image into the camera. Two
different kinds of measurements have been per-
formed: intensity profiles after a polarizer (P) ori-
ented along two orthogonal axes, and local degree
of polarization.

The intensity profiles are shown in Fig. 2. They
are plotted together with the corresponding theo-
retical curves, given Eqs. (31) [Fig. 2(a)] and (32)
[Fig. 2(b)]. The transverse coherence lengths and
the ratio v have been obtained by a fitting proce-
dure as

G. Piquero et al. / Optics Communications 208 (2002) 9–16 13



Fig. 2. Far field beam intensity profiles after a polarizer with its transmission axis at h ¼ 0� (a) with respect the incident plane and at

h ¼ 90� (b).

Fig. 1. Experimental set-up. B, beam-splitter; M, mirror; MO, microscope objective 40�; MO0, microscope objective 40�; GF,

Gaussian filter; MO00, microscope objective 10�; L, lens with f ¼ 10 cm; k=4 and k=2, quarter-wave plates and half-wave plates,

respectively.
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rl0xx ¼ 0:40 mm; rl0xy ¼ 1:18 mm; v ¼ 0:03:

ð36Þ
As far as polarization features are concerned, the
local degree of polarization in the far field is
plotted in Fig. 3. The procedure is analogous to
that used for measuring the standard degree of
polarization of light [19], but in this case mea-
surements of the intensities after the polarizer
and the quarter-wave plate must be performed
for every point in the transverse plane, so that
we used the CCD camera. In Fig. 3 the degree of
polarization at each point of the transverse sec-
tion has been plotted versus x for y ¼ 0. Dots
represent the experimental points and the line the
theoretical curve calculated using the parameters
given in Eq. (36). From this figure, it is seen that
the local degree of polarization is Gaussian in
the transverse section, as predicted by Eq. (33).
In particular, the comparison between the the-
oretical and experimental results agrees quite
well.

4. Conclusions

A method to experimentally synthesize a
partially polarized Gaussian Schell-model source
which is indistinguishable, as far as scalar mea-
surements are concerned, from an ordinary

Gaussian Schell-model source, has been pre-
sented. This source has been characterized
through measurements of the generated beam in
the far-field. From such measurements, the val-
ues of the parameters of the BCP matrix of
the source have been obtained. The local degree
of polarization in the far field has also been
measured. Experimental results are found to
be in good agreement with theoretical predic-
tion.
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