
1
T
e
m
s
m
t
H
t
t
p
e
e
p
t
m
l
i
w
i

d
s
f
d
t
t
a
g
t
w

3150 J. Opt. Soc. Am. A/Vol. 23, No. 12 /December 2006 Escobar et al.
Reduction of the spherical aberration effect in
high-numerical-aperture

optical scanning instruments

Isabel Escobar, Genaro Saavedra, and Manuel Martínez-Corral

Departamento de Óptica, Universidad de Valencia, E46100 Burjassot, Spain

Jesús Lancis

Departament de Ciències Experimentals, Universitat Jaume I, 12080 Castelló, Spain

Received March 17, 2006; revised June 15, 2006; accepted June 16, 2006; posted July 5, 2006 (Doc. ID 69042)

In modern high-numerical-aperture (NA) optical scanning instruments, such as scanning microscopes, optical
data storage systems, or laser trapping technology, the beam emerging from the high-NA objective focuses
deeply through an interface between two media of different refractive index. Such a refractive index mismatch
introduces an important amount of spherical aberration, which increases dynamically when scanning at in-
creasing depths. This effect strongly degrades the instrument performance. Although in the past few years
many different techniques have been reported to reduce the spherical aberration effect, no optimum solution
has been found. Here we concentrate on a technique whose main feature is its simplicity. We refer to the use of
purely absorbing beam-shaping elements, which with a minimum modification of optical architecture will al-
low a significant reduction of the spherical aberration effect. Specifically, we will show that an adequately de-
signed reversed-Gaussian aperture permits the production of a focal spot whose form changes very slowly with
the spherical aberration. © 2006 Optical Society of America

OCIS codes: 220.1000, 140.3300, 180.1790, 210.0210, 140.7010.
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. INTRODUCTION
he search for strategies for reduction of the spherical ab-
rration (SA) effect in the performance of optical instru-
ents has been the aim of important research efforts,

uch as in the early work by Tsujiuchi,1 where some
ethods for compensation of SA in paraxial imaging sys-

ems were analyzed, and in the work by Barakat and
ouston,2 where the SA-balancing relation is obtained for

he case of annularly apertured paraxial imaging sys-
ems. More recently, and still within the context of
araxial imaging, the use of shaded3–6 or phase7 pupil ap-
rtures has been proposed for reduction of the SA influ-
nce. Although phase apertures are usually more appro-
riate than shaded apertures due to their higher light
hroughput, they have the drawback that their perfor-
ance is strongly degraded when the illumination wave-

ength changes. In addition, they can produce null values
n the optical transfer function for out-of-focus planes,
hich can be detrimental if a posteriori digital processing

s required.
In recent years, and due mainly to the inception and

evelopment of laser sources, a revolution in optical in-
trumentation has occurred. Let us cite, for example, con-
ocal scanning microscopy (CSM), which allows the pro-
uction of sharp three-dimensional (3D) images from
hick, usually biological, object structures.8 Also notewor-
hy is the new generation of multilayer optical data stor-
ge (ODS) systems, which will allow a storage capacity
reater than 50 GB on a disk.9 Another interesting optical
ool of recent development is laser trapping technology,
hich is now widely used in biology and scanning
1084-7529/06/123150-6/$15.00 © 2
icroscopy.10 In these applications specimens are trapped
nd manipulated by sharply focused laser beams.
All three optical tools mentioned above have in common

he following features: (a) the incident laser beam is
ightly focused by a high-numerical-aperture (NA) objec-
ive and (b) the beam emerging from the objective focuses
eeply through an interface between two media of differ-
nt refractive index. Such a refractive index mismatch
roduces an important amount of SA, which strongly de-
rades the spatial resolution, in the case of CSM11–14 and
DS15 systems, or impoverishes the trapping power in

he case of the laser trapping technology.16 It is then clear
hat new strategies for reduction of the SA effect in
igh-NA optical instruments need be investigated.
Among the solutions reported for compensation of the

A effect, one of the most remarkable is the proposal of
ltering the tube length at which the objective is
perated.17–19 However, this technique does not provide a
ynamic correction of the SA generated when scanning at
ifferent depths. On the other hand, altering the tube
ength produces higher orders of SA. Another solution,
hich indeed is commercially available in modern
igh-NA objectives, is the use of a correction collar to re-
uce the SA introduced due to the index mismatch. Note,
owever that, as stated in Ref. 20, the setting of the cor-
ection collar is often difficult due to the lack of quantita-
ive criterion and problems caused by the focal shift intro-
uced during the adjustment. An optimum solution to the
A compensation problem comes from the use of adaptive
ptics, which offers a versatile solution because it is able
o adjust dynamically the correction for different depths
006 Optical Society of America
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nto the thick object structure.21–23 However, the practical
mplementation of this technique is not an easy task.

Here we concentrate on another slightly less-efficient
echnique, but which is mainly featured by its simplicity.
e refer to the use of purely absorbing beam-shaping el-

ments, which with minimum modification of the optical
rchitecture will allow a significant reduction of the SA ef-
ect. In the past few years the use of purely absorbing or
omplex-transmittance pupils has been extensively pro-
osed to improve the resolution of high-NA scanning
ystems.24–31 Here we will show that a purely absorbing
adially symmetric pupil filter as inserted in the aperture
top of the high-NA objective can produce a focused spot
hat is highly insensitive to the variations of SA. Specifi-
ally, we will show that an adequately designed reversed
aussian variation allows the production of a spot whose

orm changes very slowly with the SA.

. BASIC THEORY
o describe our approach, we start by considering a
igh-NA objective lens that is illuminated by a monochro-
atic, scalar plane wave. In the simple scheme of Fig. 1,
e represent the objective by a lens that has the aperture

top on its front focal plane. According to the scalar, non-
araxial Debye’s formulation, which expresses the field
fter the lens as a superposition of plane waves, and as-
uming that the since condition holds, the amplitude dis-
ribution in the neighborhood of the focal point can be ex-
ressed as32

U�v,zN� =�
0

�

P����cos �J0�kv
sin �

sin �
�exp�ikW����

�exp�− ikzN

sin2��/2�

sin2��/2��sin �d�. �1�

n Eq. (1) P��� accounts for the amplitude transmittance
t the objective exit pupil, and � is the maximum value
or the aperture angle �. Lateral and axial positions are
xpressed through normalized coordinates

ig. 1. Scheme of focusing by a high-NA telecentric objective
ens.
v = r sin �, zN = 2z sin2��

2� , �2�

espectively, where r and z are cylindrical coordinates
ith origin at the focal point. We have included a phase

actor, W���, which in the forthcoming analysis will ac-
ount, in units of wave length, for the aberrations induced
ue to the index mismatch. Note that, according to the
ine condition, the amplitude transmittance t��� at the
perture stop of the objective is related to the P��� func-
ion through the equations

P��� = t���, � =
sin �

sin �
, �3�

here the radial coordinate at the aperture stop is nor-
alized so that �=1 at its maximum radial extension.
Next, we evaluate the phase distortion introduced by

he refractive index mismatch. To describe the field in the
econd material we assume that each plane-wave compo-
ent of the field emerging from the objective obeys the re-
raction law when refracted at the interface. The result-
ng field is then reconstructed as the superposition of
efracted plane waves. In Fig. 2 the plane waves are rep-
esented through a light ray normal to the plane wave-
ront. It has been shown elsewhere12,13 that the phase de-
ay suffered by a ray emerging from the lens with angle �
s given by

W��� = n�l� − nl = d�n� cos �� − n cos ��, �4�

here we have taken into account the Snell refraction law
sin �=n� sin ��.
Following the reasoning of Sheppard and Cogswell,11

e expand this expression into power series of s
sin�� /2�, up to a fourth-order approximation. We obtain

W��� = d�n� − n�	1 +
2n

n�
s2 + 2�n� + n�

n2

n�3s4 + ¯ 
 . �5�

n Eq. (5) we find a constant term, which will be neglected
n the forthcoming analysis, a term in s2, which accounts
or the refractive defocus, and a term in s4 that represents
he primary SA.

The phase distortion induced by the index mismatch
an then be introduced in the focused field equation in the
ollowing way:

ig. 2. Scheme for the evaluation of phase distortion introduced
hen a tightly focused light beam passes through a plane surface
f refractive index step.
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�v,zN� ;w40�

=�
0

�

P����cos �J0�kv
sin �

sin �
�

�exp�ik	w40

sin4��/2�

sin4��/2�
− zN�

sin2��/2�

sin2��/2�
�sin �d�,

�6�

here the coefficients for the refractive defocus and the
rimary SA, as measured in units of wavelength, are

w20 = 2d�n� − n�
n

n�
sin2��

2� ,

w40 = 2d�n�2 − n2�
n2

n�3 sin4��

2� , �7�

espectively. In addition, we have defined the reduced
xial coordinate as zN� =zN−w20. Note that Eq. (6) is essen-
ially the equation deduced in Ref. 11. More accurate cal-
ulations should take into account the influence of the
ransmission coefficients of the interface.33–35 However,
he basic principle being presented here can be demon-
trated without these coefficients. Further refinement of
he method would require including these coefficients.

. AXIAL INTENSITY DISTRIBUTION
lthough Eq. (6) is a very compact formula, which allows

he calculations of the spherically aberrated 3D focused
eld, it is difficult to extract from it any intuitive informa-
ion that permits the development of methods for reduc-
ion of the SA effect. For that reason we prefer to work
ith a much simpler formula that provides only partial

ig. 3. Axial intensity profiles corresponding to a low-NA (dot-
ed curves) and a high-NA (solid curves) focusing element with a
lear circular aperture as the aperture stop and for increasing
alues of w40. Since to perform the nonlinear mapping of Eqs. (7),
he value of � must be known, in our calculations we assumed
A=0.1 (air) and NA=1.2 (water).
nformation of the field, but which will provide a power-
ul, simple mathematical tool to tackle the design of strat-
gies for compensation of the SA effect. To this end, we
rst particularize Eq. (6) to points in the optical axis, and
hen perform the following nonlinear mapping:

� =
sin2��/2�

sin2�a/2�
− 0.5, q��� = P����cos �. �8�

e obtain

U�v = 0,zN� ;w40� =�
−0.5

0.5

q���exp�i
2�

�
w40�2�

�exp	− i
2�

�
�zN� − w40��
d�, �9�

here some irrelevant constant factors have been omit-
ed. The formula in Eq. (9) is similar to the classical one
btained by Ojeda-Castañeda et al.4,5 in a paraxial con-
ext. Here we have shown that the same formula, but ob-
ained through a much more general nonlinear mapping,
an be applied to describe the focusing properties of
igh-NA scanning optical instruments. To illustrate this
roperty, in Fig. 3 we show the axial intensity profiles cor-
esponding to both low-NA (NA=0.1, air) and high-NA (
A=1.2, water) focusing elements with a clear circular
perture as the aperture stop and for increasing values of
40. Note that in both cases the axial intensity profiles
re not centered at zN� =0, but are centered at the plane
nown as the best focal plane zN� =w40, as clearly expected
rom the kernel of the Fourier transformation in Eq. (9).5

ote, however, that in the high-NA case the axial inten-
ity profiles are not symmetric about that point. This is
ue to the �cos � factor that arises from the energy pro-

ection from a plane to the surface of a sphere, inherent in
he fulfillment of the sine condition. In the high-NA case
his factor is much more relevant than in the low-NA one.

The above formulation constitutes a very useful tool for
he analysis of the performance of the influence of SA in
igh-NA scanning optical instruments. What is more im-
ortant, however, is that it provides us with a powerful
ool for the design of beam-shaping strategies for reduc-
ion of the SA effect.

. DESIGN OF BEAM-SHAPING ELEMENTS
OR REDUCTION OF THE SPHERICAL
BERRATION EFFECT

t has been known for many years that in a paraxial fo-
using regime, an aperture stop with Gaussian transmit-
ance allows the production of a focused spot whose posi-
ion and form change very slowly with the spherical
berration.3 Note, however, that a Gaussian pupil is not a
ealistic solution for the SA problem in high-NA scanning
ptical instruments. This is because the Gaussian aper-
ure is nothing more than a reduction of the effective NA
f the objective lens, and it is a well-known fact that a
ower-NA objective is much less sensitive to SA. To still
rofit from the abilities of Gaussian transmittances, but
void the reductions in effective NA, we can make use of
q. (9) and also of the concept of axial invariance of pupil
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lters, reported by Campos and co-workers.36 In that
ork, the authors established the general conditions that
upil filters must satisfy to produce an identical axial re-
ponse. Specifically, we proceed in the following way. First
e consider the Gaussian amplitude transmittance

t��� = exp�− ��/��2�. �10�

his transmittance can be expressed in terms of the ap-
rture angle, after performing the mapping �
sin � /sin �, as

P��� = exp	− � sin �

� sin �
�2
 . �11�

hen we calculate the function Q��� by performing the
onlinear mapping of Eqs. (8):

ig. 4. (a) Axial intensity profiles corresponding to a high-NA
ocusing element with the reversed-Gaussian aperture as the ap-
rture stop and for increasing values of w40. In our calculations
e considered the case w=0.65. (b) Intensity profiles produced by

he circular aperture (dashed curve) and the reversed-Gaussian
lter (solid curve) for w40=3�.
Q��� = exp�−
1 − �cos2��/2� − 2� sin2��/2��2

�� sin ��2 � . �12�

ote that in this mapping we have not included the factor
cos �. Finally we take into account that, as established

n Ref. 36, an identical axial response, but an opposite
ransverse response, is produced by a pupil filter Q̄���
uch that

Q̄��� = Q�− ��. �13�

hen we propose an amplitude transmittance in the form

t̄��� = exp�−
1 − �2 cos2��/2� − �1 − �2 sin2 ��2

�2 sin2 �
� . �14�

Next, in Fig. 4(a) we show the axial intensity profiles
orresponding to a high-NA (NA=1.2 water) focusing ele-
ent with the reversed-Gaussian aperture as the aper-

ure stop and for increasing values of w40. If we compare
ig. 4(a) with Fig. 3, we verify that degradation of the
xial intensity as w40 increases has been reduced. Note
hat now the best focal plane is not at zN� =w40, but dis-
laced toward higher values of zN� .37 A more detailed com-
arison is shown in Fig. 4(b), in which we compare the cir-
ular aperture with the reversed-Gaussian filter. As the
gure of merit for the comparison, we have calculated the
tandard deviation on the axial intensity distributions,
hich is a measure of their effective width. The values of

he standard deviation are 1.84 in the case of the circular
perture and 1.63 in the case of the reversed-Gaussian fil-
er.

Naturally the focusing behavior of a high-NA optical in-
trument should be evaluated not only in terms of the
xial behavior, but also in terms of the lateral profile of
he point-spread function. Therefore, to illustrate the
ower of our proposal we have calculated the intensity
istribution in the best focal plane for both cases: the cir-

ig. 5. Lateral responses corresponding to a high-NA focusing
lement with the circular (solid curve) or the reversed-Gaussian
perture (dashed curve) as the aperture stop and for increasing
alues of w .
40
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ular and the reversed-Gaussian aperture. As we see in
ig. 5, in the absence of SA the circular aperture pro-
uces, of course, slightly better results. However, as the
A increases, the response of the circular aperture de-
rades very fast, whereas the response of the reversed-
aussian profile remains fairly stable.
Finally, to have a visual insight of the improvements

btained with the reversed-Gaussian aperture we have
erformed a numerical imaging experiment. We selected
he spoke target as the synthetic object for the simula-
ions. The target contains information from a very wide
ange of spatial frequencies. The images were obtained by
D convolving the lateral responses in Fig. 5 with the tar-

ig. 6. Numerically evaluated images of a typical spoke target
or increasing SA.
et. The results are shown in Fig. 6. Note from Fig. 6 that
n the absence of aberration the performance of the circu-
ar aperture is slightly better. However, the reversed-
aussian aperture is much more robust against increas-

ng SA. In other words, we can affirm that the reversed-
aussian profile confers on the high-NA system an

mportant tolerance to SA. This tolerance allows the
igh-NA optical instrument to have undegraded perfor-
ance as it scans deeply into a medium of different re-

ractive index.

. CONCLUSIONS
n this paper we have obtained two important results. We
ave shown that the classical formula, obtained by Ojeda-
astañeda et al.4 for a description of the influence of SA in

ocusing paraxial geometries, can be applied to a much
ore general situation. We refer to the focusing proper-

ies of high-NA scanning optical instruments. On the
ther hand, and on the basis of such a formula, we have
ackled the design of beam-shaping elements for reduc-
ion of the SA effect. Specifically we have found that a re-
ersed Gaussian aperture allows the production of a fo-
used spot whose form changes very slowly with the
mount of SA. The production of such elements can be
asily done by use of annular binarizing techniques.38 We
ave performed a simulation, with a spoke target as a
ynthetic object, that shows that the reversed-Gaussian
rofile confers on the high-NA system an important ro-
ustness against SA and that allows high-NA optical
canning instruments to have undegraded performance
s they scan deeply into a medium of different refractive
ndex.
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