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Axial Superresolution by Oblique Two-Dimensional
Nondiffracting cos Beam Illumination

Carlos J. Zapata-Rodriguez,' Manuel Martinez-Corral,' and Laura Muiioz-Escriva'

Nondiffracting cos beams may be used in the object space of an optical microscope for causing
& nonuniform illumination. This irradiance distribution consists in a set of equidistant plane
maxima, and therefore the light radiated by the sample decays in its neighborhood. We propose
to observe over an object plane coinciding with one of these illumination peaks, which results
in a superresolving axial effect. For that purpose, illumination and detection should be oblique
processes, and a computer-assisted z-scanning process is needed in order to access the axial

structure of 4 thick ohject.
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INTRODUCTION

Conventional optical imaging systems possess a poor
depth discrimination because of a blurring in the
three-dimensional (3D)) image instead of a selective
intensity detection (Streibl, 1985). In order to over-
come this drawback, we propose to modify the spatial
distrtbution of light in the object space of a conven-
tional image-formation system to attain an enhance-
ment in the axial resolution, For that purpose, we use
a Fresnel double prism to transform a plane wave into
a nondiffracting cos beam (Rosen ef «l., 1995), thus
generating an illumination irradiance distribution
consisting in a set of equidistant plane maxima. When
we observe over an object plane coinciding with one of
these maxima with the result that illumination and
detection are oblique processes, the strength of the
light radiated by the sample decays in the neighbor-
hood of the focal plane according 1o the spatial fre-
quency of the interference pattern, thus obtaining a
superresolving axial effect. The light scattered from
other maxignum-intensity planes in the object space is
blurred with an appropriate defocus. In contrast to the
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confocal scanning technique, where the optical sec-
tioning effect is obtained by means of a nonuniform
illumination emerging from an objective lens (Wilson,
1990), the improvement in axial resolution provided
by our method does not involve a reduction in the
field of view.

ANALYSIS OF THE 3D IMAGE FORMATION

Let us start by considering the 3D image-forma-
tion optical system as shown in Fig. 1. A positive lens
collimates the coherent radiation generated by a
laser source, thus obtaining a uniform plane wave.
A Fresnel double prism, FP, transforms the incident
plane beam into two tilted uniform plane waves, which
interfere with generating a nondiffracting cos beam,
which consists in a set of equidistant plane maxima.
However, the tilted plane waves have a limited exten-
sion due to the finite size of the biprism, which implies
that the interference phenomenon is nct observed in
the whole half-space.

The 3D normalized irradiance distribution in the
interference region may be expressed mathematically
as { Born and Wolf, 1980)

I4(z)=cos?(2myz,) (1
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Fig. 1. Schematic diagram of the 3D image-forming system.

where

v= M (2}

A
is the fundamental frequency associated with the inter-
ference pattern. We note that this parameter depends
on the wavelength A of the incident radiation and half
the angle ¢ forming both plane waves emerging from
the biprism.

The thick sample under observation is then
mounted on a z-scanning stage, situated in the inter-
ference region of the illuminating beam. If we suppose
that the 3D object is scanned to a position z,, the light
field emitted by the sample is given by

O(rt’]5 zt’i + z.“} COSZ(ZRV:“)

(3)

where we consider a one-photon fluorescence process.
Then the light is emitted from the sample with a
wavelength 7, and oir, z) describes the light strength
of the object fluorescence emission under a uniform
illumination. Additionally, we should impose that the
observation plane coincides with one of the inter-
ference pattern maxima, with the result that illumina-
tion and detection are oblique processes, thus con-
stituting a confocal arrangement, Then, the strength of
the hight radiated by the sample decays in the neigh-
borhood of the focal plane according to the spatial
frequency of the interference pattern v, thus obtaining
@ superresolving axial effect. Finally, the emitted
fluorescent light is then driven through an optical
microscope consisting in an objective lens with a
numerical aperture NA =sin a, and a collecting lens
that focus the light on a Charge-coupled device (CCD).

Now we consider an object in which the scatter-
ing 1s weak so that the first Born approximation is
valid (Streibl, 1985). Then, the irradiance distribution
in the receiving plane of the digital camera may be
expressed in terms of the function

-
-

Krz)= HJ oir,.z,+ z,) cos?(2avz,)

A

x|K(r—r,, 2, dr, dz, 4)
before a scaling according to the lateral magnification
of the optical microscope. In Eq. {4) #'(r, z) stands for
the 3D coherent point spread function (PSF) of the
objective lens in the object space, and may be given in
the paraxial Debye approximation as (Wilson, 1990)

|
H(r, z) = hiz, u)=2j0 exp (f;pz) Jolop) pdp  (5)
where
u=§E: sin(x/2) and u=2.—ﬂrsin:t (6)
As Ar

are the spatial axial and radial coordinates, respec-
tively, and J, is a zero-order Bessel function of the first
kind.

AXIAL SUPERRESOLUTION

According to Eq. (4) the cos-beam illumination
z-scanning microscope is a 3D linear shift-invariant
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system {Gaskill, 978), having an effective 3D irradiance
PSF given by the square modulus of the function

hor(v, 1) =cos (gﬁ) Ao, 1) {7

where

Ay sl

= sin(a2) ®)

B

We note that the effective 3D amplitude PSF is
comprised of the product of two factors: the first one,
which we denote the interference term, arises from the
nonuniform cos-beam illumination, and the second
corresponds to the 3D amplitude PSF of the objective
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lens thus it will be named the diffraction term. Then,
the diffraction behavior of the system is somchow
similar to that of a confocal scanning system, where
both the illumination and detection systems con-
tribute to the image formation {Wilson, 1990).

Since the interference term only varies along the
optical axis, we may simplify our investigation by
considering the axial-irradiance PSF, which for the
case of an unapodized objective lens may be written as

Sin(u,r’él}J2 (9)

MO, u)? =

0.l =| =
In Fig. 2 we compare the axial component of the

square modulus of the diffraction term, as given in
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Fig. 2. Comparison of the square modulus of the diffraction term {dashed line), the interference term (left
column, continuous line), and the effective PSF {nght column, continuous line} along the axis,
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Eq. (9}, the interference term given in Eq. (1), and the
axial-irradiance distribution of the effective PSF,
which is obtained as the product of the previous two
functions [ see Eq. {7)], for different values of f. When
this parameter is much lower than unity, the inter-
ference term is nearly constant in the focal region,
which maintains unchanged the axial resolution of the
system. As # comes closer to unity, the period of the
interference fringes, given by 1,/2v (4x/8 in terms of the
axial coordinate u), is comparable to the central-lobe
width of the objective PSF, i.e.,

A,

4z = sinz(.su’z}

(10)

which implies that we have high control over the
central-peak width along the axis by simply modifying
the frequency of the interference pafttern. Finally,
when f takes values much higher than unity, the
central lobe has a width governed by the period of the
mterference term, which is much narrower than that of
the central maximum of the objective PSF. However,
the secondary lobes take high values close to that
of the central peak, which limits the gain in axial
resolution.

COMPARISON WITH CONFOCAL SCANNING
MICROSCOPY

We have deduced previously that the optimum
performance of the optical system is then obtained for
values of §, close to unity. Specifically, when =1, the
axial-irradiance distribution of the effective PSF may
be written as

[hea 0, “Nz‘[smlf;z/z}r B "’ (0’ ﬁ)

2

{11)

that is, the image-formation system with cos-beam
illumination has an axial PSF corresponding to that
of a conventional optical system with an effective
numerical aperture that has been enlarged by a factor
\/ZE. In other words, the central-lobe width has been
reduced to half of its initial value, thus increasing sub-
stantially the optical sectioning capacity of the system.

In Fig. 3 we present the 3D PSF of a conventional
gystem, a confocal scanning microscope with two
equatl illuminating and collecting sets, and a z-scanning
imaging system with a cos-beam illumination. We
have selected # = 1/2 in order to demonstrate that the
arrangement with a cos-beam itlumination behaves as
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a conventional system along the transversal direction,
but has the inherent sectioning capacity of the confo-
cal scanning microscope. For that reason, we may
state that the system presented here is hybrid between
the conventional and the confocal-scanning imaging
Systems.

CONCLUSIONS

In summary, we have proposed a new image-
formation arrangement with enhanced optical sec-
tioning. Hence, thick objects may be imaged by
minimizing a blurring presented in conventional 3D
images. In particular, we demonstrate a twofold
increase in axial resolution when selecting f=1,
which 1is clearly feasible in practical situations.
Moreover, optical microscopes may take advantage
of this technique by a simply substitution of the
illumination system.

Finally, we should emphasize that such arrange-
ment presents several advantages over the confocal
scanning technique. First, there exists a higher acqui-
sition speed due to the fact that we acquire a focal
series of images, thus showing inherent parallelism,
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Fig. 3. Isophotes diugram corresponding to the 3D PSF of (a) a
conventional, {b) a confocal scanning, and (c) a superresolving
Z-SCUNILNE Microscope.
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Also, we do not make use of a pinhole in the receiving
plane, which produces a great light loss and conse-
quently a low photon efficiency.
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