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Polarization filtering induced by imaging systems: Effect on image structure
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~Received 26 August 2002; revised manuscript received 9 December 2002; published 21 April 2003!

In this paper are reported the results concerning the experimental study of the interaction between the
vectorial amplitude of an optical field and imaging systems. It is shown that far-field as well as near-field
imaging systems beside their spatial frequency filtering ability, also act as polarization filters playing a deter-
minant role on the image structure. This conclusion is drawn from an experimental and theoretical study
involving a radially polarized Bessel beam used as a test object.
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I. INTRODUCTION

The principle of imaging is generally defined as the res
of spatial frequency filtering due to limited optical apertu
of optical systems@1#. Theories leading to this conclusion a
derived from Abbe interference-based approach as wel
Rayleigh diffraction analysis@2#. Unfortunately, most of the
developed models do not take into account the polariza
state of the light. The reason is probably both the comple
of the physical problem and the use of natural unpolari
light in most cases. However, thanks to progress in near-fi
microscopy, several powerful models have been carried
allowing a better knowledge of light-matter interaction in t
near zone@3,4#.

These models have pointed out the role of polarization
near-field images and have suggested that the field diffra
by a sample is strongly polarization dependent@5,6#. These
conclusions have been often verified experimentally@7,8#.
However, the understanding of the interaction between
imaging system~objective or near-field probes! and the vec-
torial amplitude of the field diffracted by the sample has o
been the field of research of very few theoretical wo
@9,10# and no experimental investigations have been p
posed. This can be explained by the difficulty to find a t
object enabling the study of the phenomenon.

In this paper, we present our first experimental resu
concerning the imaging of propagating nonparaxial Bes
beams which are simply generated from an annular-sha
focused beam radially polarized. The use of such partic
field distributions as test object allows us to experimenta
estimate the effect of polarization on image formation a
more particularly to study the polarization filtering of bo
classical imaging systems~refractive optics! and near-field
imaging systems~scanning dielectric tips!.

II. PRINCIPLE

A. The test object

The optical system allowing the creation of the test obj
is composed of a high numerical aperture~NA! objective
coupled with an annular mask of diameterd and thicknesse
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located in the objective rear pupil plane~see Figs. 1 and 2!.
The technique has been first performed in the paraxial cas
which the high NA objective is replaced by a lens with
long focal length@11#. The angular spectrum of the transm
ted nondiffracting field is given by the transmittance of t
annular mask. The diameterd defines the size of the Bess
beam, wherease is responsible for its spectral distribution;
is chosen as narrow as possible. The objective is represe
by its principal planesH andH8 ~see Ref.@12#!.

The use of a radially polarized incident beam leads t
very simple analytical expression for the Bessel beam allo
ing the direct observation of the polarization filtering ph
nomenon. The nondiffracting field then takes the simple fo
@13#:

Ex~r ,j!}2 icos~u!cos~j!J1~ar !, ~1!

Ey~r ,j!}2 icos~u!sin~j!J1~ar !, ~2!

Ez~r ,j!}sin~u!J0~ar !, ~3!

where (r ,j) are the position polar coordinates.a, u are con-
stants. FunctionsJm are Bessel functions of first kind andm
order. Let us callI z5uEzu2, I r5uExu21uEyu2, and the inten-
sity I 5I r1I z . From Eqs.~1! and ~2! it appears thatI r is
proportional toJ1

2 and from Eq.~3! that I z is proportional to
J0

2. We note thatJ1
2 is almost the complementary function o

J0
2 since its maxima correspond approximately to the zero

J0
2 and reciprocally. Therefore, by comparing the experim

tal images with the computed intensityI, the effect of the
weight of the componentEz versusEx1Ey is straightfor-
ward. The radially polarized Bessel beam is then a valua
test object to study theEz component filtering by imaging
systems.

B. The polarization filtering process

The so created Bessel beam is then explored eithe
mean of an objective~Fig. 1! or by a near-field microscope
dielectric tip ~Fig. 2!. The gray-level images show the com
puted intensity distribution in the object and image planes
the two considered cases~far field and near field!.

In the far-field case~Fig. 1!, the ‘‘optical lever’’ created
by the unbalanced distancesp andp8 impliesu8!u which is
©2003 The American Physical Society11-1
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FIG. 1. Setup involving a microscope objective as magnifying far-field imaging system. Objective 1 generates the test object
imaged by objective 2. NA15NA250.85, magnificationG15G2563. H1 , H18 andH2 , H28 are the principal planes of objectives 1 and
respectively.
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responsible for the attenuation of theEz component in the
image field distribution. Since theEz component generate
the J0 Bessel function@Eq. ~3!#, the resulting image field
distribution reduces approximately toI r , that is toJ1

2. The
J1 function is predominant in the image as shown in Fig.
The consequence is a widening of the image of the fi
waist leading to a significant loss of confinement.

In the near-field imaging case~Fig. 2!, light diffracted by
the apex is collected in a cone materialized by the tip its
The polarization filtering behavior of such a tip and the eff
on image structure have been simulated in Ref.@9#. In that
work, the apex is modeled as a small electric dipole sca
ing the field (Ex ,Ey ,Ez) diffracted by a sample into a soli
angle defined by the angled. Since light is guided to the
detector through an optical fiber,d is limited either by the
aperture of the taper or by the cutoff parameters of the fi

The detected intensity can be then written as

I d~x,y,z!}~ uExu21uEyu2!Kxy1uEzu2Kz , ~4!

with Kxy516215 cosd2cos 3d and Kz516218 cosd
12 cos 3d.

Although the polarizability of the electric dipole is a
sumed to be isotropic, Fig. 3 shows that the three com
04661
.
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nents of the field diffracted by a sample cannot be transfe
with the same weight in the image structure whendÞp/2.

Moreover, it appears for the smallest values ofd, that the
Ez components of the diffracted field distribution can be
most totally filtered in the image structure. It is precisely t
case in our configuration for whichd is limited to values
smaller than 1° by the cutoff parameters of the monomo
fiber used to create the tip. As shown in Fig. 2,Ez is strongly
attenuated in the image structure. TheJ0

2-like distribution of
I in the object plane is transformed in aJ1

2-like distribution in
the image structure.

III. EXPERIMENTS

The nonparaxial Bessel beams are created with
(363,NA50.85) objective. The width of the annular tran
mittance e has been set to 50mm. This value is a good
compromise between the diffraction effect of the annu
screen and the quantity of transmitted energy. For suc
width, the divergence of the experimentally measured
cused beam does not exceed 5°~with the objective we have
used!. Therefore, the differences between the obtained
cused field distribution and the perfect nonparaxial Bes
beam can be neglected as shown in Fig. 4. This figure
plays a simulation of the difference~in absolute value! be-
1-2



POLARIZATION FILTERING INDUCED BY IMAGING . . . PHYSICAL REVIEW E67, 046611 ~2003!
FIG. 2. Setup involving a tapered fiber tip as the collecting near-field probe.
th
he
ize
s

ar

o
u

ver,
que
r-

ing
ssel

a
of
r-
tween the intensity distribution of the focused beam, in
objective focal plane, and the intensity distribution of t
Bessel beam. The difference is expressed in normal
units. In this exampleu540° for the Bessel beam, wherea
37.5°,u,42.5° for the focused beam. The calculations
based on Ref.@14# for the focused beam and on Ref.@13# for
the Bessel beam.

Unfortunately, it is generally admitted that the radial p
larization state is not easy to obtain without carrying o

FIG. 3. Plot of coefficientsKxy ~dashed curve! and Kz ~solid
curve! versusd.
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more or less complex interference-based devices. Howe
we have recently proposed a different and robust techni
solving this tricky problem which uses the filtering prope
ties of two segments of slightly mismatched fibers@15#.

In the far-field case, the objective used as an imag
system has the same characteristics as that of the Be
beam generator objective@Fig. 5~a!#. The two objectives are

FIG. 4. Difference between the intensity distributions of
Bessel beam (u540°) and the focused beam in the focal plane
the objective~normalized unit!. In the latter case, the beam dive
gence is defined as 37.5°,u,42.5°.
1-3
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FIG. 5. Experimental setup in the far-field case~a! and in the near-field case~b!.

FIG. 6. Experimental light distribution in the image plane of microscope objective 2 (363,NA50.85). ~a! Direct image,@~b!, ~c!, ~d!#
image when the incident beam passes through a polarizer whose axis is oriented along the indicated arrows.
046611-4



and
el

POLARIZATION FILTERING INDUCED BY IMAGING . . . PHYSICAL REVIEW E67, 046611 ~2003!
FIG. 7. Comparison between experimental images@~a!, ~d!, ~g!# obtained by near-field scanning by means of a bare tapered fiber tip
simulations of the intensities in the tip apex plane@~b!, ~e!, ~h!# and the detected intensities@~c!, ~f!, ~i!#. Three aperture angles for the Bess
beams are considered:u515° @~a!, ~b!, ~c!#, u530° @~d!, ~e!, ~f!#, andu540° @~g!, ~h!, ~i!#.
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precisely set parallel to the incident beam axis by mean
two separateXY Zu differential-screw stages. A charged
coupled device camera is set in the image plane and give
experimental images.

The detection stage proposed in Fig. 5~b! is usual in local
probe microscopy. It is composed of two positioning stag
the first one, combines aXY-differential-screw stage and
Z-piezo actuator allows the roughXYZ displacement of the
tip, whereas the second one, composed of a segmented
tube allows the fineXYZ scanning of the Bessel beam. Th
04661
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bare tip is made by heating and pulling a monomode opt
fiber ~at l5632.8 nm) but other ways are possible. It wor
in collection mode and no distance control feedback is us
The scanning is performed in the region of existence of
Bessel beam, near the object focal plane of the objective

IV. RESULTS

Figure 6 shows the experimental image~a! and three lin-
early polarized images~a polarizer is set before the pup
1-5
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stop! obtained in the far-field case. The direction of the p
larizer axis is indicated by arrows on the figures. These
sults confirm that polarization perturbations induced by d
fraction through the annular slit are negligible.

For the near-field experiments, three different anglesu for
the Bessel beam have been tested by changing the diam
of the annular stop. For each angle (15°,30°,40°), both
tensity distribution in the tip apex plane and intensity d
tected by the tip have been computed. The theoretical
experimental results are reported in Fig. 7. We note th
whatever the angle between 15° and 40°, the detected in
sity is proportional to aJ1

2-like function, whereas the com
puted intensity in the apex plane varies fromJ1

2-like to
J0

2-like distributions versus the angle. These results confi
that the aperture of the tip is a strongly limiting factor. D
spite our efforts, no confined field has been observed.

V. DISCUSSION

Although Bessel beams are used as test object becau
their well-known structure, our conclusions can be gene
ized since theEz component is always more or less su
pressed in the image structure whatever the object comp
ity.

Therefore, independently of the classical notion of f
quency filtering, far-field imaging systems provide magnifi
images which are always different from object field distrib
tions. In fact, the filtering process is significant only in t
case of high magnifying factors. For small magnifying fa
tors this filtering effect can be neglected. It is worth noti
that the31 imaging system preserve the longitudinal co
ponent.
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In the near-field case, the situation is similar since it h
been shown both theoretically and experimentally that the
aperture plays the role of a filter for theEz component. This
effect has to be taken into account when near-field ima
are interpreted. The effect ofEz filtering process can, how
ever, be limited by choosing high aperture tips. In that ca
the use of an optical tapered fiber becomes questiona
Moreover, the use of apertureless detection type~Ref. @16#!
should allow the transfer of the three field components.
nally, the positioning of a single fluorescent molecule on
apex of the tip could lead the novel probe to transfer only
component parallel to the dipole moment of the molecu
This polarization filtering behavior can be observed, for e
ample, in Ref.@17#.

VI. CONCLUSION

Radially polarized propagating nonparaxial Bessel bea
have been used to test far-field and near-field imaging s
tems. Due to simple analytical expression for the field dis
bution, it has been shown both theoretically and experim
tally that the Ez component of the field diffracted by
sample is strongly attenuated in the image structure. Th
fore, spatial frequency attenuation due to the limited apert
of imaging systems is not the only factor modifying the lig
distribution in the image, polarization filtering plays a si
nificant role on the image formation. For high numerical a
erture microscopes this phenomenon, which is generally
glected, must be taken into account definitely. Holding
any imaging system, the family of confocal microscop
could clearly gain by such an approach of the resolut
problem.
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