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Axial apodization in 4Pi-confocal microscopy
by annular binary filters
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We present a novel technique for considerably decreasing the sidelobe height of the axial point-spread function
of one-photon 4Pi-confocal microscopes. By means of a numerical example, in which the ratio between the
excitation and the fluorescence wavelengths was set to e 5 lexc /ldet 5 0.8, we show that simply inserting a
pair of properly designed two-ring binary masks in the illumination set allows the height of the axial sidelobes
to be reduced from 20% to 5% of the height of the central peak. This allows one to receive the full benefit of
the strong narrowness of the central lobe provided by the 4Pi-confocal technique. © 2002 Optical Society of
America
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1. INTRODUCTION
One of the main limitations of optical microscopy is the
diffraction limited resolution, which is determined by the
wavelength of the light and the numerical aperture (NA)
of the lenses.1 This limitation is more evident in biologi-
cal imaging, which deals with transparent three-
dimensional objects. In this case not only the lateral
resolution but also the axial resolution is important.
However, even when dealing with confocal microscopy,
which is a technique whose main feature is its axial
discrimination,2 the axial resolution is approximately
three times poorer than its lateral counterpart.

4Pi-confocal microscopy is a recently developed imag-
ing technique specifically designed to achieve high resolu-
tion in the axial direction.3,4 To this end, in the 4Pi-
confocal microscope two opposing high-NA objectives are
used for coherently illuminating and/or detecting the
same point of a fluorescent sample. Then two spherical
wave fronts interfere in the common focus so that the to-
tal aperture is doubled. The interference process yields
an intensity point-spread function (PSF) with a main
axial maximum that is approximately four times nar-
rower than the one corresponding to a confocal micro-
scope. However, the mere narrowing of the central lobe
is insufficient for improving the axial resolution. Note
that (as in a Young experiment) the resulting axial PSF
can be expressed as the product between a cos2 factor (the
interference factor), whose period is proportional to the
wavelength, and a sinc2 factor (the diffraction factor),
whose width is proportional to the inverse of the lenses’
NA. Then, the higher the value of NA, the smaller the
axial sidelobes. However, even for the largest value of
the NA, the axial PSF exhibits sidelobes that are too high.
These secondary maxima reduce the benefit of narrowing
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the central peak because they can lead to ambiguity in
the image.

To overcome this problem the use of two-photon
excitation4–6 and deconvolution7–9 techniques have been
proposed. With two-photon excitation the contribution of
secondary maxima of the illumination PSF is reduced be-
cause of the squared dependence of the excitation on the
illumination intensity. However, the ability of two-
photon excitation as a sidelobe-reducing tool in 4Pi-
confocal microscopy proceeds mainly from the consider-
able difference between the excitation wavelength and
the fluorescence wavelength. Owing to such difference,
the illumination and the detection PSFs have quite differ-
ent scales such that the secondary peak of the illumina-
tion PSF is multiplied by low values of the detection PSF,
and, in addition, the secondary peak of the detection PSF
is multiplied by low values of the illumination PSF. This
multiplicative process yields a significant reduction of the
secondary axial lobes of the 4Pi PSF.

In this paper we propose an alternative technique for
reduction of the axial sidelobes. The technique is based
on the use of pupil filters in the illumination set of a 4Pi-
confocal microscope. The design of pupil filters to over-
come the limits in resolution imposed by diffraction in im-
aging systems is a mature science.10–12 The main
drawback of using pupil filters in conventional imaging
systems is that the narrowness of the central lobe of the
intensity PSF is obtained at the expense of higher side-
lobes, which compromises the real gain in resolution.
However, if a confocal-scanning architecture is used, this
collateral effect is overcome. In this sense, during the
past few years the use of pupil filters has been proposed to
improve the lateral,13–15 the axial,16 and the three-
dimensional17–22 resolution of confocal-scanning micro-
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scopes. As far as we know, the only attempt to use pupil
filters in 4Pi-confocal microscopy was reported in Ref. 23,
where the use of annular apertures produced a slight nar-
rowing in the lateral PSF but an enlargement of axial
sidelobes.

What we propose in this paper is the use of annular bi-
nary masks in one-photon 4Pi-confocal microscopy to re-
duce the strength of the PSF axial sidelobes. The corner-
stone of our method is to produce on the PSF an effect
similar, in some way, to the one produced by two-photon
excitation. Therefore we need to design pupil filters with
the ability to compress the illumination axial PSF so that
in the confocal-multiplicative process the secondary peak
of the illumination axial PSF is multiplied by low values
of the detection axial PSF, and vice versa. In other
words, we propose the use of axially superresolving pupil
filters, which in conventional imaging produce high axial
sidelobes, to paradoxically obtain an apodization effect24

in 4Pi-confocal microscopy, i.e., a severe reduction of the
strength of axial sidelobes.

2. BASIC THEORY
To calculate the axial intensity PSF of a 4Pi-confocal mi-
croscope, we start by considering the electric field in the
focal region of an aberration-free lens illuminated by a
linearly polarized wave front5,25–27; i.e.,

Fig. 1. Numerically evaluated axial intensity PSF for a 4Pi(C)-
confocal microscope. The parameters for the calculation were
lexc 5 350 nm, e 5 0.8, NA 5 1.4

Fig. 2. Normalized z response to an infinitely thin fluorescent
layer for a 4Pi(C)-confocal microscope. The parameters for the
calculation are the same as in Fig. 1.
E~u, v, f ! 5 @I0~u, v ! 1 I2~u, v !cos 2f #i

1 I2~u, v !sin 2fj 2 2iI1~u, v !cos fk.

(1)

In Eq. (1), In(u, v), with n 5 0,1,2, are integrals over the
lens aperture, and u 5 4nkz sin2 a/2 and v 5 nkr sin a
are, respectively, the axial and the lateral focal coordi-
nates expressed in optical units, a being the semi-
aperture angle. Finally, f stands for the angle between
the polarization direction of the incident field and the ob-
servation meridian plane.

Three different geometries for a 4Pi-confocal micro-
scope have been proposed.3 We concentrate our study on
the so-called type-C geometry (the one that provides the
highest axial resolution), in which by use of two opposing
high-NA objectives the fluorescent sample is coherently il-
luminated and observed. In this case the PSF is given by

H~u, v, f ! 5 uEexc~u, v, f ! 1 Eexc~2u, v, f !u2

3 uEdet~eu, ev ! 1 Edet~2eu, ev !u2,

(2)

where random polarization of fluorescent light is as-
sumed. In Eq. (2), the parameter e 5 lexc /ldet repre-
sents the ratio between the excitation wavelength and the
fluorescence wavelength.

Since we are interested mainly in the analysis and en-
gineering of the PSF along the optical axis we set v 5 0
in Eq. (1) and find that I1(u, v 5 0) 5 I2(u, v 5 0)
5 0. Then the axial PSF of the 4Pi(C)-confocal micro-
scope, H(u,0), depends only on the value of I0(u, v
5 0).

As an example of the axial performance of these sys-
tems, in Figs. 1 and 2 we have depicted with the dashed
curve the axial PSF and the z response of an infinitely
thin fluorescent layer, respectively. The parameters for
the numerical evaluation were lexc 5 350 nm, e 5 0.8,
n 5 1.518, and a 5 67.5° (NA 5 1.4). Note that al-
though in both curves a narrow central peak is obtained,
the axial sidelobes are too high.

3. DESIGN OF ANNULAR FILTERS FOR
REDUCTION OF AXIAL SIDELOBES
As described in Section 1, our aim here is to design a pu-
pil filter with the ability to compress at will the axial PSF
of the illumination set of a 4Pi-confocal microscope. In
other words, we need a pupil filter designed to obtain
axial superresolution. The easiest solution to this task is
the one reported in Ref. 16. The filters presented in that
paper, which were designed to be used in the paraxial re-
gime, are composed of two equal-area transparent annuli.
However, 4Pi-confocal microscopes are useful only with
high-NA objectives. Thus the procedure for designing
axially superresolving pupil filters16 should be reformu-
lated by taking into account the high-NA regime. Note
that, although in a 4Pi-confocal system the calculation of
PSFs must be performed according to the vector theory,
for the sake of making a comprehensive and simple de-
sign procedure we prefer to minimize the number of free
parameters and develop the procedure in terms of the sca-
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lar theory. To this end we consider the axial amplitude
distribution provided by a focused scalar spherical
wave27; that is,

h~u ! 5 E
0

a

A~u!expS i
cos u

4 sin2 a/2
u D sin udu, (3)

where A(u) is the apodization function and a the semia-
perture angle. Note that apart from a factor (1 1 cos u)
within the integral, the function h(u) is equivalent to
I0(u, v 5 0). After performing the nonlinear mapping

z 5 cos u, q~z! 5 A~u!, (4)

we can rewrite Eq. (3) as

h~u ! 5 E
cos a

1

q~z!expS i
z

4 sin2 a/2
u D dz. (5)

From the above equation it follows that the axial am-
plitude distribution in the focal region is governed mainly
by the one-dimensional Fourier transform of the mapped

Fig. 3. Mapped amplitude transmittance, q(z), of an axially su-
perresolving two-ring filter. The relation between the param-
eter z and the normalized radial coordinate in the filter plane is
r 5 (1 2 z2)1/2/sin a. Then the actual normalized radii for the
transparent annuli are r0 5 0 and r1 5 @1 2 (1 2 hl/2)2#1/2/
sin a (inner annulus) and r2 5 @1 2 (cos a 1 hl/2)2#1/2/
sin a and r3 5 1 (outer annulus). The light efficiency of the fil-
ter is given by h 5 r3

2 2 r2
2 1 r1

2 2 r0
2.

Fig. 4. Binary two-ring pupil filter whose axial projection con-
sists of two equal-width rectangles. The shaded areas corre-
spond to regions of transmittance equal to 1.
apodization function q(z). Therefore, to obtain an axi-
ally superresolving effect equivalent to that reported in
Ref. 16, it is necessary an apodization function A(u) such
that the mapped function q(z) consists of two equal-width
rectangles (see Fig. 3).

The above reasoning can also be understood in terms of
the Ewald sphere.28,29 The amplitude transmittance of
the two-ring binary mask is such that its axial projection
consists of two equal-width rectangles; see Fig. 4. From
this figure [and also from Eqs. (4) and (5)] it is apparent
that the actual form of the binary filter depends on the
width of both the rectangles and the semiaperture angle
a.

4. NUMERICAL EXPERIMENT
We start this section by emphasizing that although the
filter-design procedure has been developed on the basis of
the scalar diffraction theory, in all our numerical evalua-
tions we will use the vector equations and consider that
the illumination wave fronts are linearly polarized.
Then for calculating the axial PSF we use the equation
that results from particularizing Eq. (1) to points in the
optical axis (v 5 0); that is,

E~u, v 5 0 ! 5 I0~u, v 5 0 !

5 E
0

a

~1 1 cos u!A~u!

3 expS i
cos u

4 sin2 a/2
u D sin u du

5 E
cos a

1

~1 1 z!q~z!expS i
z

4 sin2 a/2
u D dz.

(6)

To demonstrate the power of our approach, we per-
formed a numerical experiment in which we inserted two
copies of the same annular filter in both arms of the illu-
mination set, as shown in Fig. 5. In this scheme relay
lenses are used to focus the filters into the back focal
plane of the objectives. Since the PSF-sidelobe-reduction

Fig. 5. Schematic geometry of a 4Pi(C) apodized confocal-
scanning optical microscope. Relay lenses are used to focus the
filters into the back focal plane of the objectives. BS, beam split-
ter.
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capacity of the filters depends on the width of the rect-
angles, i.e., on the light efficiency of the filters h (see Fig.
3 caption for a comprehensive definition of parameter h),
in Fig. 6 we have calculated the relation between h and
the relative height of the axial sidelobe. The parameters
used for the calculation were lexc 5 350 nm, e 5 0.8,
NA 5 1.4. From this figure it follows that the relation is
almost linear except in the lower part of the curve, where
the slope is smaller. Then, to optimize simultaneously
the light efficiency of the filter and the sidelobe-reduction
power, we selected for our numerical experiment a point
within the heel of the curve. Therefore the parameters of
the selected filters are as follows: radius of the inner
transparent annulus r1 5 0.42, radius of the outer annu-
lus r2 5 0.96. The light efficiency of the filter is h
5 0.25. It is remarkable that the sidelobe height de-
pends strongly on the value of e. Therefore, if a different
value for e had been considered, different values for the
proper radii of the annuli would have been obtained.

In Fig. 1 we have depicted with the solid curve the axial
PSF of a 4Pi(C)-confocal microscope that incorporates the
selected filter in the illumination set. Note, by compar-
ing the curves in the figure, that the use of the proposed
binary mask produces a severe reduction in the sidelobe
strength. Specifically, the relative height of the lobe is
;5% of the main peak; i.e., a 75% sidelobe reduction is
achieved. Let us emphasize that the obtained sidelobe
height is approximately the same as the one obtained by
use of two-photon excitation.4 Of course, this low axial-
sidelobe height permits the optimum use of nonlinear
image-restoration techniques so that the axial resolution
benefits fully from the approximately fourfold narrowness
of the central peak of the axial PSF.

To make more complete the study of the influence of the
proposed apodization technique on the performance of
4Pi-confocal microscopes, in Fig. 2 we show, with the solid
curve, the so-called integrated intensity function (i.e., the
z response to an infinitely thin fluorescent layer). Note
that also in terms of this function of merit the use of the
annular filters provides a noticeable improvement. In
Fig. 7 we compare the transverse PSF of the apodized
4Pi-confocal microscope with the corresponding non-
apodized counterpart, for the case of f 5 p/2. Note that
only a slight widening is produced (;5% in terms of the
FWHM), which does not compromise the lateral resolu-
tion of the system.

Fig. 6. Relative height of the axial sidelobe versus the light ef-
ficiency of the pupil filters.
To finish, we center our attention on analyzing the form
of the axial PSF of the illumination part of the 4Pi(C) mi-
croscope, which is given by the first factor in Eq. (2) pro-
vided that we consider the case v 5 0. As is shown in
Fig. 8, the use of the proposed annular filter with light ef-
ficiency h 5 0.25 reduces the first axial-sidelobe strength,
but it produces a severe enlargement of other secondary
peaks. This can be important because, although this ef-
fect does not appear in the combined system PSF, it could
result in severe photobleaching of the specimen at the po-
sition of the strong secondary peak. However, this effect
can be overcome by using an annular filter of the same
family but with higher efficiency. This is the case, shown
in Fig. 8, of the filter with h 5 0.60. Now the highest
secondary lobe is slightly lower than the one obtained
with the nonapodized 4Pi(C) setup. This improvement is
obtained at the expense of a lower reduction of the side-
lobe height of the combined system PSF. As can be in-
ferred from Fig. 6, now the relative height of the axial
sidelobe is ;12% of the main peak. This still represents
a significant improvement in the axial contrast of the
4Pi(C) confocal microscope. We can conclude that proper
selection of the binary filter should take into account two
factors: the desired height of the sidelobe of the com-
bined system PSF and the maximum permissible height
of sidelobes of the illumination PSF. The compromise be-
tween the two factors determines the form of the ad-
equate filter.

Fig. 7. Numerically evaluated transverse PSF for a 4Pi(C)-
confocal microscope. For the calculation we considered f
5 p/2 in Eq. (2).

Fig. 8. Axial intensity PSF of the illumination part of a 4Pi(C)-
confocal microscope.
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Finally, we remark that the numerical experiments
shown here were performed for the particular case of e
5 0.8 and NA 5 1.4. A change in the values of these pa-
rameters implies a modification of the height of the side-
lobes (with or without pupil filters). But what it is clear
is that by means of our design procedure, a proper pair of
two-ring binary filters can be designed to achieve a sig-
nificant reduction of the axial sidelobes.

5. CONCLUSIONS
We have presented a new technique for reduction of the
sidelobe height of the axial PSF of one-photon 4Pi-
confocal microscopes. The technique is based on the use
of a pair of properly designed annular binary masks, and
it allows the axial resolution to benefit fully from the nar-
rowness of the central lobe of the axial PSF. The design
procedure takes into account the following parameters:
semiangular aperture of the lenses, a; refractive index n;
wavelength ratio e; maximum value allowable for the
sidelobe height; and the requirement of minimizing the
photobleaching effect. Specifically, we have obtained an
axial PSF in which the height of the axial sidelobe is ap-
proximately 5% of the main peak. Further, we show that
our method hardly affects the transverse resolution of the
system.

Addendum: Sometime after the submission of this pa-
per, a paper was published by other researchers30 who
had a similar idea but included the support of experimen-
tal results.
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