Tunable optical sectioning in confocal microscopy
by use of symmetrical defocusing and apodization
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We present two novel optical methods to achieve a significative improvement in the optical-sectioning
capacity of confocal scanning microscopes. The techniques, whose real power is the simplicity with which
they can be implemented, consist of a suitable combination of symmetrical defocusing with two different

manners of apodizing both parts of the confocal architecture.

It is shown that the proposed techniques

are useful in both the bright-field and the fluorescence modes and for reflection and transmission
geometries. © 1998 Optical Society of America

OCIS codes:

1. Introduction

The most important advantage of confocal scanning
microscopy (CSMy) over conventional microscopy is
its optical-sectioning capacity.! Optical sectioning
refers to the attenuation of scattered and reflected
light from parts of the object not in the focal plane,
thus enhancing the visibility of details of interest.
Thus the sectioning capacity is important because it
permits the observation of three-dimensional (3-D)
objects.

Over the past few years several efforts have been
undertaken to improve the two-point resolution of
confocal scanning microscopes (CSM’s) in the trans-
verse direction.2~? However, the irradiance point-
spread function (IPSF) is a volume element with an
axial extent that, depending on the numerical aper-
ture, is approximately 3 times higher than the radial
extent. Thus the axial resolution is one third or less
than that in the lateral direction. Therefore the en-
hancement of the axial resolution of CSM’s has al-
ways been of considerable interest. As in the
transverse direction, the axial two-point resolution
can be defined in terms of the Rayleigh criterion.®
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180.1790, 220.1230, 100.6640.

Therefore two points are separated axially only if
they are far enough apart to display an approxi-
mately 26% dip between the peaks of their corre-
sponding irradiance patterns. An alternative
criterion for comparing the axial resolutions of vari-
ous systems is the full width at half-maximum
(FWHM) for the axial IPSF. This figure, which is
closely related to the Rayleigh criterion, is used
widely in both analytical and experimental studies.
Several methods for enhancing the axial resolution
by a narrowing of the FWHM were recently sug-
gested. In this context the use of binary filters com-
posed of one® or twol? annuli has provided interesting
results. A different approach to this problem, the
so-called 4Pi confocal architecture,!! is based on the
coherent illumination of the fluorescent sample from
both sides. This interference process in combination
with point detection leads to a great narrowing of the
central lobe of the axial IPSF. However, this im-
provement cannot easily be exploited because of the
great strength of the axial sidelobes.

Another approach for increasing the axial two-
point resolution, specifically in the fluorescence
mode, is the so-called confocal theta-microscopy tech-
nique.'2 This technique, which is based on detection
orthogonal to the illumination axis, permits the re-
duction of the dimensions of the central lobe of the
axial IPSF by a factor of approximately 3 or even
more if the confocal system is apodized with annular
apertures.13

In this paper we present an optical method for
improving the sectioning capacity of CSM’s. The
technique is useful in bright-field and fluorescence
CSM’s and for reflection and transmission geome-



tries. Our approach is based on suitably apodizing
and symmetrically defocusing the two arms of the
confocal architecture. It is shown that, by the com-
bination of an adequate binary axially superresolving
apodization with variable symmetrical defocusing,
the width of the central lobe of the axial IPSF can be
tuned. This width can indeed be reduced by a factor
2 with no significant increase in the strength of the
secondary lobes, which is quite important for axial
superresolution in the sense of the Rayleigh criterion.

In many situations stacked object layers must be
separated. To quantify the axial resolution of
planes perpendicular to the optical axis it is neces-
sary to calculate the response of the system to an
axially scanned thin planar fluorescent layer. We
show below that the proposed method provides a sig-
nificant narrowing of the FWHM of such a response.
Therefore we conclude that the technique allows an
important increase in the optical-sectioning capacity
for 3-D information.

In a further step we present a new kind of axial
apodization that is specifically suited to combination
with symmetrical defocusing in CSM’s. What we
call destructive-interference apodization provides an
axial response with zero at the focal point but twin
narrow sidelobes. We show that, by the combina-
tion of this apodization with adequate symmetrical
defocusing, a considerable improvement in optical-
sectioning capacity can be obtained.

In Section 2 we analyze the effect of symmetrically
defocusing both parts of the confocal architecture on
the axial resolution of the device. In Section 3 we
show that adequate combination of symmetrical de-
focusing with a proper axially superresolving apo-
dization permits the optimization of the sectioning
capacity of CSM’s. In Section 4 we present a novel,
to our knowledge, type of axial apodization—
destructive-interference apodization—and show that
its combination with symmetrical defocusing pro-
vides a quite good optical-sectioning capacity.

2. Symmetrical Defocusing

Let us start by considering the axial IPSF of a CSM
after we consider cylindrical symmetry, that is?

I(v =0, Wy) = |h1(v =0, W20)|2|h2(v =0, W20)|2, (1)

where it is assumed that the pupil functions of the
two arms of the confocal setup have the same radial
extent. In Eq. (1) v corresponds to the transverse
coordinate expressed in optical units, whereas the
axial position is specified in terms of the well-known
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defocus coefficient Wy, measured in units of wave-
length. Furthermore,

1
hi(v =0, Wy) =2 f pi(p)exp(i2mWyp*)pdp  (22)

0

represents the axial-amplitude point-spread function
(PSF) of the illuminating system, where p,(p) is the
pupil function, whereas

1
hy(v =0, Wy,) = 2 J. Pz(P)eXp(iiZszopz)PdP

0

(2b)

represents the axial-amplitude PSF of the collecting
set. The upper and lower signs correspond to the
reflection and the transmission architectures, respec-
tively.

Equations (2) can be rewritten in the form of a
one-dimensional (1-D) Fourier transform if we per-
form the following geometrical mapping:

{=p"-05 g =pp. (3)

If we now substitute Eq. (3) into Egs. (2), we find that,
except for an irrelevant premultiplication phase fac-
tor, the individual axial-amplitude PSF’s can be de-
scribed by

0.5

hi(v =0, Wy) = f q1(0)exp(i2mWyol)dL, (4a)
-0.5
0.5

hy(v =0, Wy,) = f q2(0)exp(+i2mWyo)dL.  (4b)
-0.5

For the case of two circular pupils we have ¢,(¢) =
q2(0) = rect({), and the axial IPSF is given, according
to Egs. (1) and (4), by

I(U = 0, W20) = Sincz(Wzo)Sincz(WQO) = SinC4(W20). (5)

In comparison with the axial IPSF of a conventional
microscope, the CSM’s axial IPSF has suffered a 27%
reduction in the FWHM and a 95% attenuation in the
strength of the secondary lobes. Thus an important
effect of two-point axial superresolution is achieved.

The two-point axial-resolution capacity of CSM’s
can easily be increased by a quite simple technique
that takes advantage of the multiplicative character
of the axial IPSF. The technique consists of sym-
metrically defocusing the two parts of the confocal
architecture. In fact, the effect of symmetrical defo-
cusing on the response of the system was already
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Fig. 1.
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Schematic layout of a symmetrically defocused transmission-mode CSM. The defocus parameter W,,” gives a measure of the
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analyzed by other authors.l4-1¢ From a practical
point of view, symmetrical defocusing can easily be
implemented either by a slight, controlled axial shift
of the collecting set with respect to the illumination
set or simply by a slight, symmetrical axial displace-
ment of both the point source and the point detec-
tor. In both cases the displacement implies a
symmetrical shift of the focal points, and therefore
the system is no longer strictly confocal.

From a mathematical point of view, symmetrical
defocusing implies a change in the mapped pupil
functions, which are now given by

D
W;° z) : (6a)

q.'(0) = ql(Z)eXp(iZw

Wao”
q.' () = QZ(C)GXP( + 12w T §) . (6b)

The parameter W,,”, which measures the induced
longitudinal defocus in units of wavelength, can be
either positive or negative (see Fig. 1).

Now the axial IPSF of this architecture is given by
the product of two independent individual IPSF’s
that are axially shifted a distance W, that is,

Iv =0, Wy) = |h1'(U =0, W20)|2|h2'(v =0, VVzo)|2

0.5 WP ?
f %(C)eXp[iz"T(Wzo + ;)C]
-05
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2

2

X

f  go(Qexp

-0.5

W D
hl(v 0, W, 2)

W D
hz(” =0, Wy — ZO)

2

X (7)

In the typical case of two circular pupils it is equal in
both the reflection and the transmission architec-
tures to

Wao? Wao?
Ilv=0,Wy) = sincZ<W20 + ;0>sincz(W20 - ;0) .

8)

Equation (8) reveals that the axial IPSF of a non-
apodized symmetrically defocused CSM is given by
the product of two sinc® functions that, independently
of the sign of W,,”, are relatively shifted an axial
distance of |[W,,”| (see, for example, Fig. 2). When
the product is performed an axial IPSF in which the
width of the central lobe is precisely AW,, = 2 —
|[WyP|is obtained. In others words, the width of the
core is now given by the distance between the first
zero at the right-hand side of the axial IPSF shifted to
the left and the first zero at the left-hand side of the
other axial response. It is then clear that simply by
continuous variation of the defocusing parameter

6916 APPLIED OPTICS / Vol. 37, No. 29 / 10 October 1998

1.00 —

0.75

0.50 —

INDIVIDUAL AXIAL IPSFs

025 —

D
W= 0.75
0.00 T T v T ¥ T T T T T T T T f

2.0 15 1.0 05 0.0 0.5 1.0 15 2.0
DEFOCUS COEFFICIENT: W,

Fig. 2. Axial IPSF’s corresponding to the illuminating and the
collecting arms of a CSM under symmetrical defocusing of the
magnitude of W,,” = 0.75.

Wy, i.e., by gradual symmetrical defocusing of the
CSM, it is possible to control at will the width of the
axial IPSF core. To illustrate this effect, we have
plotted in Fig. 3 the axial IPSF corresponding to some
values of the defocusing parameter, including the
strictly confocal architecture (W,,” = 0). In this
figure all the curves are normalized so that their peak
value is unity, but in reality the detected irradiance
peak drops as symmetrical defocusing increases ac-
cording to I(v = 0, Wy, = 0) = sinc*(Wy,"/2).

As can be seen from Fig. 3, while the symmetrical
defocus increases, the central lobe of the IPSF be-
comes narrower. However, the relative strength of
the sidelobes increases. Note that in this sense val-
ues of W,,” higher than unity give rise to very large
secondary sidelobes. This fact limits in practice the
amount of symmetrical defocusing that can be used
and therefore the improvement in two-point axial
resolution that can be achieved with this method.
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Fig. 3. Normalized axial IPSF corresponding to some symmetri-
cally defocused CSM’s. The solid curve corresponds to the strictly
confocal architecture.



3. Annular Binary Apodization

As was established in Section 2, the symmetrical-
defocusing technique provides a method for obtaining
tunable improvement, between certain limits, in the
axial resolution of CSM’s. However, the technique
presents a drawback: the increasing strength of the
secondary lobes.

To overcome this drawback, we propose in this sec-
tion the combination of symmetrical defocusing with
using, in both arms of the confocal device, radially
symmetric pupil filters that provide axial superreso-
lution. Then we propose using one among the fam-
ily of filters composed of two transparent annuli of
the same areal® that has a mapped transmittance of

1
i+ 2 (1-¢
q({) = rect
1
{— 9 (1-¢
+ rect| ——— |, 0<e<0.5. (9
€
18]
1 —.—
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Fig.4. Member of the family of axially superresolving pupil filters
(e = 0.4): (a) {-space representation, (b) 1-D representation, and

(c) actual 2-D representation.
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Fig. 5. Axial irradiance pattern corresponding to the filter shown
in Fig. 4. As a result of the interference process a quite narrow
central lobe is obtained. The solid curve corresponds to the axial

response of a circular pupil.

The actual two-dimensional form is represented in
Fig. 4.
These filters provide an axial response that is the
result of the constructive interference between the
waves proceeding through a circular and an annular
aperture, both of the same area. Because the waves
arrive in phase at the focal point, a narrow axial
irradiance peak is obtained (see Fig. 5). This axial-
interference process is, in some ways, similar to that
produced in the 4Pi confocal mode.1* Note that, be-
cause of the strength of the sidelobes, the use of these
filters is not very useful in conventional imaging sys-
tems. However, when these filters are placed in a
CSM the straightness of the sidelobes is reduced.©
Next the adequate combination of this apodization
with symmetrical defocusing will permit us to obtain
a reduction in the strength of the lateral lobes com-
pared with those obtained simply by means of sym-
metrical defocusing. To illustrate this effect, we
show in Fig. 6 the axial IPSF that corresponds to a
confocal setup that combines symmetrical defocus-
ing, W,,” = 2/3, with the use of a pair of annular
filters that have an aperture parameter of € = 0.4.
Note from this figure that apodization has achieved a
30% reduction in the strength of the highest second-
ary lobe.

Thus we can establish that, whereas symmetrical
defocusing permits us to tune the width of the central
lobe of the irradiance response, the proposed apodiza-
tion permits us to attenuate the strength of the sec-
ondary lobes. Therefore the combination of both
techniques attains the effect of tunable axial super-
resolution.

The axially superresolving properties of the pro-
posed arrangement are represented in Fig. 7. In
this figure the irradiance images of two point sources
separated by a normalized axial distance d, mea-
sured in units of defocus, are shown and compared
with those for the strictly confocal setup. The re-

sultant irradiance is summed up on an irradiance
basis. In the strictly confocal setup two incoherent
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Fig. 6. Normalized axial IPSF corresponding to a suitably apo-
dized, symmetrically defocused confocal device (light solid curve).
The parameters of the setup are € = 0.4 and Wy,” = 2/3. The bold
solid curve plots the axial response corresponding to a strictly con-
focal nonapodized setup, whereas the dashed curve corresponds to
the nonapodized but symmetrically defocused system (W,,” = 1).

points separated by d = 0.76 [Fig. 7(a)] provide an
axial-irradiance pattern with a 26% dip. The value
of the irradiance in the central minimum is consid-
erably smaller in the proposed apodized and defo-
cused arrangement. The dip between peaks
according to the Rayleigh criterion is achieved in the
proposed arrangement when the two point sources
are axially separated by d = 0.54 [Fig. 7(b)]. There-
fore a 29% improvement in the axial resolution is
achieved.

Up to this point we have analyzed the improve-
ment in the two-point axial resolution that can be
achieved with the defocusing technique. However,
to make a more complete study on how the optical-
sectioning capacity of CSM’s is affected by the
method, we need to analyze other interesting param-
eters. In this context it is quite interesting to study
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(a)
Fig. 7.

curves correspond to the strictly confocal arrangement.
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Fig. 8. Integrated-irradiance function corresponding to the set-
ups under study.

the behavior of the so-called integrated-irradiance
function, which is defined as?

L (Wy) = f” I(v, Wyo)vdo. (10)

0

This parameter applies equally to the reflection and
the transmission geometries and to the bright-field
and the fluorescence modes. It gives us information
on how the microscope discriminates against differ-
ent parts of the object not in the focal plane.

In Fig. 8 we represent the integrated irradiance for
the setups analyzed in Fig. 6. A 25% gain in sec-
tioning capacity (in terms of the FWHM) is notice-
able.

Another quite important parameter, related in this
case to the behavior of the system when dealing with
planar coherent objects, is the function known histor-
ically as V(z). This function is meaningful for only
the bright-field reflection mode. It is obtained by
evaluation of the irradiance collected by the point
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(b)

Irradiance images of two point sources separated by the normalized axial distances (a) d = 0.76 and (b) d = 0.54. The dashed



detector when a perfect planar reflector that is placed
perpendicularly to the optical axis of the setup is
scanned axially through the focus. The expression
for this function, which we refer to as I(Wy), is?

2

I(Wy) = . (1D

05
f q1'(0)qs' (D)exp(2m2Wyl)dL

-0.5

Now, taking into account the expressions for the
functions ¢;’ [see Egs. (6)] and the transmittance of
the filters being binary [see Eq. (9)], we find that

2

I(Wy) = f q1(0)q2(0)exp(i2m2Wy00)dl

-0.5

2

. (12)

05
f q(Dexp(i2m2Wyo)dl

-0.5

From Eq. (12) we infer, as indeed was already done by
Kimura and Wilson,4 that symmetrical defocusing
does not affect the function I(W,,). This is because,
just when the reflector is at the confocal plane, the
point source is imaged onto the detector pinhole.
Moreover, because the I(Wy,) curve is given by the
squared modulus of the Fourier transform of ¢q({), it is
equal, apart from a scale factor, to that shown in Fig.
(56). Note from that figure that the narrowness of the
central lobe is accompanied by sidelobes that are
much stronger. Hence no improvement in terms of
this parameter is achieved.

Finally, we wish to emphasize that the proposed
technique barely affects the transverse resolution of
the system. This lack of influence occurs for the
following reasons: (a) The 3-D IPSF of a lens has an
ellipsoidal form. Thus there are not strong differ-
ences between its transverse behavior in the focal
plane and that in a slightly defocused plane. (b) As
demonstrated in Ref. 10, the central lobe of the trans-
verse PSF of an optical system does not spread when
the system is apodized by the proposed filter.

4. Destructive-Interference Apodization

In Section 3 an important improvement in the
optical-sectioning capacity was achieved by adequate
combination of two axially superresolving tech-
niques. Now we propose using a rather different
approach. The idea is quite simple, as we show be-
low.

It is seen that, by symmetrically defocusing a CSM,
one can select the part of individual axial IPSF’s that
contributes to the core of the confocal IPSF. Now
what we need is an apodization technique that pro-
vides an individual axial IPSF with a pair of twin
high and narrow lateral lobes. By properly combin-
ing both techniques, one can obtain a strong axial-
superresolution effect. The apodizer should be
selected carefully because it should provide, in addi-
tion, a rather weak central lobe. This is because a
strong central lobe in individual axial IPSF’s gives
rise to strong sidelobes in the confocal IPSF obtained
after the product. Therefore we propose the use of
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Fig. 9. Axial-irradiance impulse response corresponding to the
filter given by Eq. (13). Note that, as a result of the destructive
interference between the waves proceeding from the inner and the
outer parts of this filter, zero irradiance is achieved at the focus.
In addition, the lateral lobes are quite strong and narrow.

destructive-interference apodizers, which provide an
axial response with zero irradiance at the focal point.

From among the members of the family of filters
with zero focal irradiance we select the one that pro-
vides the narrowest slope around zero.!” The
mapped complex-amplitude transmittance of this fil-
ter, which can be recognized as the simplest of the
so-called Legendre filters,8 is

q(0) = 2L. (13)

This filter’s axial IPSF can be expressed in terms of
the spherical Bessel function of the first order as

|h(U =0, VV20)|2 = |j1(1TW20)|2- (14)

It is plotted in Fig. 9.

Analysis of Fig. 9 shows that an axial pattern with
strong, narrow, twin sidelobes and a narrow zero focal
irradiance is achieved. Thus the selected apodizer
clearly fulfills the imposed requirements. Now, by
simply apodizing the two arms of the confocal setup
with this filter and applying adequate symmetrical
defocusing, we obtain significant narrowness in the
core of the axial IPSF.

In Fig. 10 we plotted the axial IPSF that corre-
sponds to a confocal setup that combines destructive-
interference apodization with certain symmetrical
defocusing. We selected the value of W,,” = 4/3
because it permits the left-side maximum of one in-
dividual axially shifted IPSF to coincide with the
right-side maximum of the other. In this way a
strong irradiance peak is achieved. It is then appar-
ent that the proposed technique leads to a high and
narrow irradiance peak surrounded by relatively dis-
tant and weak secondary lobes, which is quite impor-
tant in relation to two-point axial resolution.

Also in this case we analyze in Fig. 11 the axially
superresolving properties of the method in terms of
the Rayleigh criterion. From this figure it is appar-
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Fig. 10. Normalized axial IPSF corresponding to a confocal sys-
tem under destructive-interference apodization and symmetrical
defocusing of the magnitude of W,,” = 4/3. With the solid curve
we have also plotted the axial response corresponding to the
strictly confocal, nonapodized setup.

ent that a 24% improvement in the axial two-point
resolution is achieved.

Although it can be shown by numerical calculation
that the integrated-irradiance function is slightly
narrowed, we now prefer to center our attention on
the I(Wy,) function. As was shown in Section 3 the
I(Wy) function is given by the squared modulus of
the 1-D Fourier transform of the product of the
mapped transmittances. In this case, ¢;({)gs(0) =
472 Tt is easy to recognize that the function 4(>
corresponds to the profile of an axially superresolving
apodizer, so it will provide a 1-D Fourier transform in
which the central lobe has undergone significant nar-
rowing. As in the previous case [see Eq. (13)], the
function 4¢2 can be expanded in terms of the Leg-
endre polynomials!? and then the function I(Ws,) can

1.00 4
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0.50 —

0.25 4

AXIAL IRRADIANCE DISTRIBUTION
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Fig. 11. Irradiance image of two point sources. The points are
separated by d = 0.58. The 26% dip according to the Rayleigh
criterion is obtained. Therefore 24% axial resolution is achieved
[see Fig. 7(a)]. The dashed curve corresponds to the strictly con-
focal arrangement.
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Fig. 12. I(W,,) function for the same setups that were used for
Fig. 10.

be expressed in terms of the spherical Bessel func-
tions as??

1. 2.
I(Wy) = §J0(2’TFW20) - 5.]2(27TW20) (15)

In Fig. 12 we represent Eq. (15) and the function
corresponding to the nonapodized confocal system.
A 10% reduction in the FWHM is noticeable. More-
over, in this case the narrowness of the central lobe it
is not accompanied by a strong increase in the lateral
lobes. Finally, we wish to remark that it can be
shown that, also in this case, the transverse resolu-
tion is not affected by the proposed technique.

5. Conclusions

We have presented two novel, to our knowledge, op-
tical methods for improving the optical-sectioning ca-
pacity of CSM’s. The first method successfully
combines two axially superresolving techniques:
symmetrical defocusing and axially superresolving
apodization. The second method incorporates, be-
sides symmetrical defocusing, an apodization tech-
nique specifically adapted to confocal architectures:
destructive-interference apodization. It has been
shown that both methods, which are useful in bright-
field and fluorescence CSMy, permit the achievement
of significant improvements in the optical sectioning
capacity.
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