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Polarization filtering induced by imaging systems: Effect on image structure
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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 located in the objective rear pupil plafsee Figs. 1 and)2
The technique has been first performed in the paraxial case in

The principle of imaging is generally defined as the resulwhich the high NA objective is replaced by a lens with a
of spatial frequency filtering due to limited optical aperturelong focal lengti 11]. The angular spectrum of the transmit-
of optical system§1]. Theories leading to this conclusion are ted nondiffracting field is given by the transmittance of the
derived from Abbe interference-based approach as well aannular mask. The diametdrdefines the size of the Bessel
Rayleigh diffraction analysig2]. Unfortunately, most of the beam, whereasis responsible for its spectral distribution; it
developed models do not take into account the polarizatiors chosen as narrow as possible. The objective is represented
state of the light. The reason is probably both the complexityoy its principal plane$d andH' (see Ref[12]).
of the physical problem and the use of natural unpolarized The use of a radially polarized incident beam leads to a
light in most cases. However, thanks to progress in near-fieldery simple analytical expression for the Bessel beam allow-
microscopy, several powerful models have been carried ouhg the direct observation of the polarization filtering phe-
allowing a better knowledge of light-matter interaction in thenomenon. The nondiffracting field then takes the simple form

near zong 3,4]. [13]:

These models have pointed out the role of polarization in )
near-field images and have suggested that the field diffracted Ex(r,§)—icod #)cog £)Js(ar), @
by a sample is strongly polarization dependgg]. These
conclusions have been often verified experimentfiiyg]. Ey(r,&)x—icog #)sin(£)Jq(ar), (2
However, the understanding of the interaction between the
imaging systentobjective or near-field probgsnd the vec- E,(r,&)sin(6)Jg( ar), 3)

torial amplitude of the field diffracted by the sample has only
been the field of research of very few theoretical workswhere ¢,¢) are the position polar coordinates, 6 are con-
[9,10] and no experimental investigations have been prostants. Functiong,, are Bessel functions of first kind amd
posed. This can be explained by the difficulty to find a testorder. Let us call ,=|E,|?, |,=|E,|*+|E,|%, and the inten-
object enabling the study of the phenomenon. sity I=1,+1,. From Egs.(1) and (2) it appears that, is

In this paper, we present our first experimental resultroportional toJi and from Eq.(3) thatl, is proportional to
concerning the imaging of propagating nonparaxial Bessej2. we note thatl? is almost the complementary function of

beams which are simply generated from an annular-shape t since its maxima correspond approximately to the zeros of
focused beam radially polarized. The use of such particulag2 o,y reciprocally. Therefore, by comparing the experimen-
field distributions as test object allows us to experimentally, al images with the computed intensity the effect of the
estimate the effect of polarization on image formation anqtN : . .

: S - eight of the componenE, versusk,+E, is straightfor-
more particularly to study the polarization filtering of both g P ¢ X g

lassical i . i fracti i d field ward. The radially polarized Bessel beam is then a valuable
classical Imaging sys ('an(sse. ractive op icy and near-fie test object to study th&, component filtering by imaging
imaging systemsscanning dielectric tips systems

Il. PRINCIPLE B. The polarization filtering process

A. The test object The so created Bessel beam is then explored either by

The optical system allowing the creation of the test objecimean of an objectivéFig. 1) or by a near-field microscope
is composed of a high numerical apertui¢A) objective  dielectric tip (Fig. 2). The gray-level images show the com-
coupled with an annular mask of diametkand thicknese  puted intensity distribution in the object and image planes in

the two considered caséfar field and near field
In the far-field casdFig. 1), the “optical lever” created
*Electronic address: thierry.grosjean@univ-fcomte.fr by the unbalanced distancesindp’ implies 8’ < 6 which is
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FIG. 1. Setup involving a microscope objective as magnifying far-field imaging system. Objective 1 generates the test object which is

imaged by objective 2. NA&=NA,=0.85, magnificatiorG,=G,=63. H,, H; andH,, H} are the principal planes of objectives 1 and 2,
respectively.

responsible for the attenuation of tlg component in the nents of the field diffracted by a sample cannot be transferred

image field distribution. Since thE, component generates with the same weight in the image structure whisa /2.

the J, Bessel functionEg. (3)], the resulting image field Moreover, it appears for the smallest valuesspthat the

distribution reduces approximately tp, that is toJs. The  E, components of the diffracted field distribution can be al-

J, function is predominant in the image as shown in Fig. 1.most totally filtered in the image structure. It is precisely the

The consequence is a widening of the image of the fieldcase in our configuration for which is limited to values

waist leading to a significant loss of confinement. smaller than 1° by the cutoff parameters of the monomode
In the near-field imaging cag€ig. 2, light diffracted by fiber used to create the tip. As shown in FigE2,is strongly

the apex is collected in a cone materialized by the tip itselfattenuated in the image structure. THglike distribution of

The polarization filtering behavior of such a tip and the effectl in the object plane is transformed inl&like distribution in

on image structure have been simulated in R®f. In that  the image structure.

work, the apex is modeled as a small electric dipole scatter-

ing the field E,,E,,E,) diffracted by a sample into a solid

angle defined by the anglé. Since light is guided to the Ill. EXPERIMENTS

detector through an optical fibes, is limited either by the

aperture of the taper or by the cutoff parameters of the fiber, "€ nonparaxial Bessel beams are created with a
The detected intensity can be then written as (xX63,NA=0.85) objective. The width of the annular trans-

mittance e has been set to 5am. This value is a good
compromise between the diffraction effect of the annular
screen and the quantity of transmitted energy. For such a
width, the divergence of the experimentally measured fo-
cused beam does not exceed (®/th the objective we have
with  K,,=16—15coss—cos¥ and K,=16-18coss used. Therefore, the differences between the obtained fo-
+2cos 3. cused field distribution and the perfect nonparaxial Bessel
Although the polarizability of the electric dipole is as- beam can be neglected as shown in Fig. 4. This figure dis-
sumed to be isotropic, Fig. 3 shows that the three compoplays a simulation of the differendgn absolute valugbe-

|d(xyyaz)°c(|Ex|2+|Ey|2)ny+|Ez|2sz (4)
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FIG. 2. Setup involving a tapered fiber tip as the collecting near-field probe.

tween the intensity distribution of the focused beam, in themore or less complex interference-based devices. However,
objective focal plane, and the intensity distribution of thewe have recently proposed a different and robust technique
Bessel beam. The difference is expressed in normalizedolving this tricky problem which uses the filtering proper-
units. In this exampled=40° for the Bessel beam, whereas ties of two segments of slightly mismatched fibgts).
37.5°< #<42.5° for the focused beam. The calculations are In the far-field case, the objective used as an imaging
based on Ref.14] for the focused beam and on REE3] for  system has the same characteristics as that of the Bessel
the Bessel beam. beam generator objecti&ig. 5a)]. The two objectives are
Unfortunately, it is generally admitted that the radial po-

larization state is not easy to obtain without carrying out
0.01,
16
25 0 25
7 (um)
00 ey " . . . . .
6 (degrees) 20 FIG. 4. Difference between the intensity distributions of a

Bessel beam{=40°) and the focused beam in the focal plane of
FIG. 3. Plot of coefficientK,, (dashed curveandK, (solid the objective(normalized unit. In the latter case, the beam diver-
curve) versuss. gence is defined as 37.5°%9<42.5°.
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FIG. 5. Experimental setup in the far-field casg and in the near-field cagb).
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FIG. 6. Experimental light distribution in the image plane of microscope objective &3(NA=0.85). (a) Direct image|(b), (c), (d)]
image when the incident beam passes through a polarizer whose axis is oriented along the indicated arrows.
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FIG. 7. Comparison between experimental imades (d), (g)] obtained by near-field scanning by means of a bare tapered fiber tip and
simulations of the intensities in the tip apex pladf®, (e), (h)] and the detected intensitig&), (f), (i)]. Three aperture angles for the Bessel
beams are considered=15° [(a), (b), (c)], #=30° [(d), (e), (f)], and 6=40° [(9), (h), (i)].

precisely set parallel to the incident beam axis by means dbare tip is made by heating and pulling a monomode optical

two separateXY Z6 differential-screw stages. A charged- fiber (at \ =632.8 nm) but other ways are possible. It works

coupled device camera is set in the image plane and gives thie collection mode and no distance control feedback is used.

experimental images. The scanning is performed in the region of existence of the
The detection stage proposed in Fi¢h)5s usual in local Bessel beam, near the object focal plane of the objective.

probe microscopy. It is composed of two positioning stages,

the first one, combines & Y-differential-screw stage and a IV. RESULTS

Z-piezo actuator allows the rougXly Z displacement of the '

tip, whereas the second one, composed of a segmented piezoFigure 6 shows the experimental ima@e and three lin-

tube allows the fin&X'Y Z scanning of the Bessel beam. The early polarized image¢a polarizer is set before the pupil
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stop obtained in the far-field case. The direction of the po- In the near-field case, the situation is similar since it has
larizer axis is indicated by arrows on the figures. These rebeen shown both theoretically and experimentally that the tip
sults confirm that polarization perturbations induced by dif-aperture plays the role of a filter for tlig, component. This
fraction through the annular slit are negligible. effect has to be taken into account when near-field images
For the near-field experiments, three different anglésr  are interpreted. The effect &, filtering process can, how-
the Bessel beam have been tested by changing the diametvrer, be limited by choosing high aperture tips. In that case,
of the annular stop. For each angle (15°,30°,40°), both inthe use of an optical tapered fiber becomes questionable.
tensity distribution in the tip apex plane and intensity de-Moreover, the use of apertureless detection tgfpef. [16])
tected by the tip have been computed. The theoretical anshould allow the transfer of the three field components. Fi-
experimental results are reported in Fig. 7. We note thatpally, the positioning of a single fluorescent molecule on the
whatever the angle between 15° and 40°, the detected inteapex of the tip could lead the novel probe to transfer only the
sity is proportional to aJi—Iike function, whereas the com- component parallel to the dipole moment of the molecule.
puted intensity in the apex plane varies er]-ﬁ-”ke to  This polarization filtering behavior can be observed, for ex-
JZ-like distributions versus the angle. These results confirngmple, in Ref[17].
that the aperture of the tip is a strongly limiting factor. De-
spite our efforts, no confined field has been observed. VI. CONCLUSION

V. DISCUSSION Radially polarized propaggting nonparaxi_al B_essel_ beams
have been used to test far-field and near-field imaging sys-
Although Bessel beams are used as test object becauseteims. Due to simple analytical expression for the field distri-
their well-known structure, our conclusions can be generalbution, it has been shown both theoretically and experimen-
ized since thekE, component is always more or less sup-tally that the E, component of the field diffracted by a
pressed in the image structure whatever the object complexsample is strongly attenuated in the image structure. There-
ity. fore, spatial frequency attenuation due to the limited aperture
Therefore, independently of the classical notion of fre-of imaging systems is not the only factor modifying the light
quency filtering, far-field imaging systems provide magnifieddistribution in the image, polarization filtering plays a sig-
images which are always different from object field distribu- nificant role on the image formation. For high numerical ap-
tions. In fact, the filtering process is significant only in the erture microscopes this phenomenon, which is generally ne-
case of high magnifying factors. For small magnifying fac- glected, must be taken into account definitely. Holding for
tors this filtering effect can be neglected. It is worth notingany imaging system, the family of confocal microscopes
that thex 1 imaging system preserve the longitudinal com-could clearly gain by such an approach of the resolution

ponent. problem.
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