Asymmetric apodization in confocal scanning systems

Marek Kowalczyk, Carlos Javier Zapata-Rodriguez, and Manuel Martinez-Corral

A new class of superresolution pairs of pupil filters for three-dimensional, two-pupil confocal imaging is

proposed. A distinctive feature of these filters is the asymmetry of their impulse response.

For syn-

thesizing the amplitude transmittance of such filters the Fourier transform properties of Hermitian

functions are employed.

It is shown that, with simple phase-only filters that belong to the class in

question, either axial or unidirectional lateral superresolution is achieved. © 1998 Optical Society of

America
OCIS codes:

1. Introduction

In the vast majority of cases the point-spread func-
tion (PSF) of an aberration-free optical imaging sys-
tem is rotationally symmetric or it has at least two
axes of symmetry. Nevertheless, in some systems
the PSF can be made asymmetric on purpose. For
example, Cheng and Siu! and Siu et al.2 used this
technique to achieve suppression of the sidelobes in
the PSF (apodization). Here we use asymmetric
PSF’s in subsystems of a confocal imaging arrange-
ment to narrow the central maximum in the PSF of
the whole system (superresolution). In what fol-
lows, we use the term apodization in a wide sense,
i.e., for any modification of the pupil function (coher-
ent transfer function) aimed at molding the PSF, un-
less it would lead to ambiguity.

From Fourier transform theory we know that to
obtain an asymmetric PSF it is convenient to use
either Hermitian or anti-Hermitian pupil functions.3
In fact, Cheng and Siu! and Siu et al.2 chose highly
Hermitian pupil functions to apodize both slit and
circular pupils, although they did not describe them
as Hermitian. In Refs. 1 and 2 it was shown that
asymmetric PSF’s have a good side in which low side-
lobes and a steep principal maximum are achieved at
the cost of their worsening on the bad side. Simi-
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larly, as we see below, asymmetric superresolution
PSF’s have their good and bad sides.

In this paper we show that, for some Hermitian
pupils placed in both the illuminating and the collect-
ing sets of a confocal imaging system, the problem of a
bad side can be considerably relieved. It is also
shown that, when we deal with the axial behavior of
the three-dimensional (3-D) PSF of a confocal system,
this function can be made symmetric and both of its
sides are good, irrespective of the fact that PSF’s of the
collecting and the illuminating sets are asymmetric
functions of the axial coordinate. To demonstrate
this, we propose certain Hermitian superresolution pu-
pil functions.

2. Lateral Apodization

In this section we consider a coherent (i.e., with a
point detector) confocal imaging arrangement that is
a typical scheme of, for example, a confocal scanning
microscope.* In Fig. 1 a basic version of such an
arrangement, viz., a transmission-mode microscope,
is shown. A point source S of a narrow-band light of
wavelength \, e.g., a TEM,,, laser beam focused on a
pinhole, is imaged by an illuminating system, which
consists of lenses L;; and L, and a pupil filter P,, onto
an object O. The object is characterized by its am-
plitude transmittance #(x,, y,). The collecting sys-
tem L, L.,, and P, images the illuminated spot of
the object in the conjugated detector plane (x5, ys).
When the object is scanned in the (x,, y,) plane the
signal detected by a point detector D placed on the
axis is processed by corresponding electronics and
software, and finally the image of the object is dis-
played on a TV monitor. The spatial resolution of
the image depends on both the PSF /,(x,, y,) of the
illuminating system and the PSF hy(x,, y5) of the
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Fig. 1.

filters; O: object, D: point detector; S: point source.

collecting system. The PSF’s &, and A, are as fol-
lows?®:

ﬁl(xo, Yo) = J‘* J‘* Pi(&, M)

k
X eXP[i }? (&1x0 + n1y0):|d§1dn1a 1)

ho(x2, ys) = f” fx Py(&5, mo)

k
X exp[—i ? (&oxo + "]23’2)}(152(17]2, (2)

where P, (&, n;) and Py(&,, m5) are the pupil functions,
i.e., the amplitude transmittances, of pupil filters P,
and P,, respectively, £ = 2m/\ is the wave number of
the radiation, and f is the focal length. Let us as-
sume that during the scanning process the point (x,
= x,, Yo = ¥, of the original, i.e., untranslated, object
is placed on axis. Thus the origin of the object is now
at the point (x, = —x,, yo = —¥,), and the object is
described by the function #(x, + x,, yo + ¥,). In this
position the amplitude distribution U(x,, y5) in the
detector plane of the transmission-mode system can
be written as the convolution of the amplitude in the
object plane A,(xq, yo)t(xg + x4, yo + ¥) With hy(xy,
¥2)5:

U(x2; Vo5 X, ys) = f j h:l(x07 yO)t(xO + Xss Yo

+ ¥)ha(xs — %o, Yo — yo)dxodye, (3)

Optical scheme of a transmission-mode confocal scanning microscope:
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where the unit magnification of the system is as-
sumed. After a change of variables, —x,, —y, — %o,
¥4, the intensity detected by a point detector at x, =
Yo = 0 iS

I(xsa ys) = J. J. 51(_350’ _yO)t(_xO + Xs» —Yo +ys)

2

X hy(x, yo)daedyo| -

(4)

With the definition

hi(xo, yo) = fll(_xo, —Yo)
N k
= f f P&, T]l)eXP[_i ? (&120 + "f]lyo)}

X dé&;dmy, (5)

i.e., with both A, and A, defined as minus Fourier
transforms of the corresponding pupil functions, the
detected intensity becomes

I(xs> ys) =

f JA hy(x0, Yo)t(xs — X0, ¥s — Yo)

2

X hy(x0, yo)dxedyg

= ‘[hl(xs’ ys)hZ(xs7 ys)] ® t(xs’ ys)|2’ (6)

where the symbol ® denotes the convolution oper-
ation. Relation (6) was derived previously under
the assumption that 2,(q = 1; 2) are even functions
(e.g., Ref. 5). In view of the above reasoning this
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assumption seems superfluous. From Eq. (6) we can
see that the image intensity of a point object, e.g., a
pinhole in an opaque screen, described by a Dirac
delta function, i.e., the PSF of the whole confocal
system, is given by

PSF(xsa ys) = |h1(xsa ys)hZ(xs’ ys)|2' (7)

The same result holds for the reflection-mode system.
Because of factorization of the amplitude impulse re-
sponse (AIR) into A, and h,, one has more freedom to
shape the PSF of the confocal scanning system than
with a classical system.®¢ Also, in the case of confocal
fluorescence microscopy, in which the illuminating
beam induces the fluorescence of an autofluorescent
or suitably prepared object, a similar factorization
takes place.” As a result of the incoherence of the
fluorescent light, we have

I(xs’ ys) = |h1(xsa ys)hZ(x35 ys)|2 ® F(xs’ ys)a (8)

where F(x,, y,) stands for the spatial distribution of
the fluorescence generation and, for simplicity, we
assume that the wavelength of the fluorescent light
equals that of the illuminating beam.

If P, and P, form a pair of complex-conjugated
Hermitian pupil functions, ie., P;* = Py, ReP, is
even, and ImP, is odd, then A, are real and asym-
metric, and the following holds:

hl(xs7 ys)hZ(xsa ys) = hl(x57 ys)hl(_xs> _ys)
= h2(_xs7 _ys)hZ(xm ys)a (9)

which means that for such a pair of pupil filters the
PSF of the confocal system is symmetric with respect
to the x and the y axes.

To proceed further, we specify the form of P, as
follows:

P (&, n,) = {H(E,exp[(—1)"id] + H(—E&)

X exp[(— l)qﬂid)]}(circ T _ circ rq)

o €ry
. rq
+ circ —, (10)
€ry

where H is a Heaviside unit step function,? ¢ is the
phase shift involved (—m < ¢ < ), r, is the radius of
the pupil, r, = (£, + 1,%"/%, and e is a dimensionless
coefficient (qO <e<1). Thus we consider phase-only
three-level pupils with a real inner disk and complex-
conjugated outer semiannuli (Fig. 2). The same ge-
ometry for the pupil was assumed by Cheng and Siu.?
For such pupils the functions 4, can be calculated
analytically by means of known formulas for the
Fraunhoffer diffraction by a semicircular aperture.?
Nevertheless, we found that numerical calculation by
means of the fast Fourier transform was more prac-
tical, as the closed-form result is expressed in terms
of incomplete Struve functions that are not included
in standard mathematical packages such as, for ex-

ample, MATLAB or MATHEMATICA.
With the trial-and-error method, we found the
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Fig. 2. General scheme of the lateral-resolution pupil filters.

phase shift of ¢ = /3 to be one for which the super-
resolution of the system can clearly be demonstrated.
To choose €, we drew k% and (h;h,)? as the functions
of two variables: x, and € for y, = 0 and & = /3.
For each value of €, the cross sections of the PSF’s
were normalized so that they reached unity at the
absolute-maximum point. The gray-scale represen-
tations of those functions are shown in Fig. 3. It can
be seen that the asymmetry of %, increases as e de-
creases and that a value of € equal to approximately
0.7 results in a noticeable narrowing of the central
maximum of (h,h)? and in small sidelobes. In Fig.
4 the main cross sections of h,%(x,, y,; 7/3, 0.7) and
hi%(x,, ys; /3, 0.1)ho%(x,, y,; /3, 0.7) are presented.
It can be seen that, unlike in nonconfocal systems,
the use of Hermitian pupils in confocal ones yields a
PSF that has two perpendicular axes of symmetry.
Along one axis the system demonstrates the desired
properties, whereas along the other the system be-
haves in an even worse way than the nonapodized
one. Thus here we should not speak of the good and
the bad side of the PSF but rather of the good and the
bad directions. In other words, we have two good
sides and two bad sides. It should be noted that the
above is not an inherent feature of any confocal sys-
tem with Hermitian pupils. Such behavior of the
system should be attributed to the fact that we chose
a pair of complex-conjugated pupils. For example,
for Hermitian pupils such that P; = P,, the PSF of
the confocal system will be asymmetric.

In the particular case of the pupil functions defined
by Eq. (10) in which ¢ = /3 and € = 0.7, superreso-
lution along the x direction and small losses of energy
(the Strehl ratio equals approximately 0.31) are ex-
perienced. Therefore the system could be especially
useful for the imaging of highly directional patterns,
e.g., diffraction gratings or muscle tissue. The su-
perresolution properties of the confocal system in
which the proposed pupil filters are placed are pre-



(2)
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normalization factors.

sented in Fig. 5, which shows images of two point
sources of the fluorescent radiation separated by a
normalized distance d and compares them with those
for a nonapodized system. The resultant intensity is
summed up on an intensity basis. It can be seen
that, for two incoherent point sources located along
the good direction and separated by the classical Ray-
leigh distance d = 0.610, the value of the intensity in
the central minimum is considerably smaller than
approximately 0.8, which is typical for nonconfocal
systems. This occurs for both apodized and nonapo-
dized systems. Such an advantage in spatial reso-
lution is typical for confocal scanning imagery. For
a confocal system that is apodized with the pupil
filters proposed here, the value of 0.8 is achieved for
values of d as small as 0.375.

3. Axial Apodization

A distinctive feature of coherent confocal imaging is
its ability to provide 3-D images of 3-D objects.?
Therefore the axial behavior of a 3-D PSF is of inter-
est because it represents a certain measure of the
spatial resolution along the axis of the system. Also,
this resolution can be improved by means of ade-
quately designed pupil filters.10-12  As the axial be-
havior of the 3-D PSF is governed by the zero-order
circular harmonic of the pupil function,!® which for a
rotationally symmetric pupil is identical to the pupil

-1

0o 1

k a X,
Fig. 3. Nonlinear gray-scale representations of (a) N;(e)h,%(x,, 0; w/3, €) and (b) Ny(e)h,*(x,, 0; 7/3, €) hy’(x,, 0; w/3, €). N;, Ny:

A one-sided suppression of the sidelobes, as described in Ref. 1, is observed in (a) for € ~ 0.9.

function itself, we can restrict the analysis to rota-
tionally symmetric pupils without loss of generality.

Let us introduce a normalized radial coordinate p,
in the pupil planes and cylindrical optical coordinates
(u, v) in the 3-D confocal region as follows:

pqErq/rOa (11)
v =k(x + )" *sin(a), (12)
u = 4kz, sin*(a/2), (13)

where a is the angular aperture of the illuminating
and the collecting optics and z, is the actual axial
scanning coordinate whose origin coincides with the
confocal point. The 3-D AIR A,(v, u) of the illumi-
nating set is related to the pupil function by the fol-
lowing integral transform4:

1 1.
hi(v, u) =2 f P1(P1)eXp<2 lu912>Jo(UP1)P1dpl- (14)

0

The relation that defines the 3-D AIR of the col-
lecting set depends on whether we deal with a
transmission-mode or a reflection-mode system:

1 1
hy(v, u) = 2 J Pz(Pz)eXp(+ 2 luP22)Jo(Upz)Pzdpz (15)

0
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Fig. 4. Main cross sections of normalized /,% and (h,h,)? along (a) and (b) the good and (c) and (d) the bad directions for ¢ = /3 and

e = 0.7. The dashed curves correspond to a nonapodized system.

for a reflection system and

1

1
hy(v, u) = 2 f P2(P2)9Xp(_ 5 iuPzz)Jo(Upz)PZdw (16)

0

for a transmission system. The 3-D PSF, i.e., the
3-D image of a point object, is given by
PSF(v, u) = [h(v, wh,(v, w)|*. a7

For a reflection-mode system with two complex-
conjugated pupils, Eqgs. (14), (15), and (17) yield

PSF, (v, u) = |hy(v, w)h *(v, —w)]?

= |h1(U, u)hl(va _u)|2 (18)

To maintain the relation of Eq. (18) in a
transmission-mode system, i.e.,

PSF,(v, u) = |hi(v, wh, (v, —u)?, (19)

we have to use a pair of identical pupil filters, which
is produced by Eqgs. (14), (16), and (17). To analyze
the axial behavior of the PSF, and the PSF,, we use a
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value of v = 0 in relations (18) and (19).
ular, we have

In partic-

PSF, (1) = PSF,(u) = |h:(w)hi(—u)?,

where h,(u) = h,(0, u).

To benefit from the above factorization and from
properties of the Hermitian functions, we need to
establish a Fourier transform relation between the
pupil functions and the corresponding axial AIR’s.
This can be done with the following mapping in the
pupil planes:

(20)

P2 — - =s, 21)

With the mapping of Eq. (21) and with v = 0, we can
rewrite Eq. (14) as

0.5
hy(u) = f g1(sy)exp(ius,/2)ds;, (22)
-05

in which an unessential phase factor is neglected and
g1(s1) = P¢[p1(s;)] is a mapped pupil function that is
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Images of two fluorescent point sources separated by a normalized distance d for points placed along (a), (b), and (c) the good and
Main cross sections along the good, i.e., x,, direction for (a) d = 0.610 and (b) d = 0.375. Pseudo 3-D plots for (c)

and (d) d = 0.375. The dashed curves correspond to a nonapodized system.

identically equal to zero for |s;| > 0.5. Equations
(20) and (22) yield

PSF,(u) = PSF,(u)

05
J. gi(sy)exp(+ius;/2)ds,

~05

0.5

{

-0.5
Therefore we express the axial behavior of the 3-D
PSF in terms of the Fourier transform of g,(s). Thus
in the analysis to follow we consider such pupil func-
tions P(p) that become Hermitian when the mapping
of Eq. (21) is completed. It is worth noting that the
Fourier transform relation of Eq. (22) allows us to
apply the results obtained previously for one-
dimensional (1-D) asymmetric lateral apodization
(slit pupils)?2 to axial apodization, as there is a direct

correspondence between mapped pupil functions g(s)
and 1-D actual pupil functions.

gi(ss)exp(—iusy/2)ds, (23)

To design a superresolution pupil function P,(p;)
properly, we should take into account the following
relations between g(s) and A(u), which hold for any
Hermitian g(s):

h(0)

f " g.(s)ds, (24)

—0

oh(u)
u

(25)

L
9 ocg})'gss?

u=0

where g,(s) and g,(s) are the real and the imaginary
parts of g(s), respectively, with g,(s) an even and g,(s)
an odd function. As P,(p,) must be a legitimate pu-
pil function, we have to acqid the restriction
87(s) + &%s) = 1. (26)

Good superresolution performance of A(u)h(—u)
can be attributed to a high value of the first derivative
of A(u) at the origin, hence by virtue of Eq. (25) to the
first moment of g (s), which favors a concentration of
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Fig. 6. Superresolution pair of complex-conjugate three-zone pu-
pils.

g,(s) close to s = £0.5, whereas the brightness in the
image of a point object is directly proportional to the
average value of g,(s). Maximum brightness is ob-
tained for g,(s) = 0 for which A(u) takes a zero slope
at the origin. Similarly, the maximum slope is ob-
tained for g (s) = sgn(=s)rect(s), for which g,(s) = 0
and ~2(0) = 0. Thus the requirement of obtaining
high brightness and good superresolution is contradic-
tory, and certain compromises should be established.
Taking into account the above considerations and the
requirement of technological simplicity, we propose
the following mapped phase-only three-level pupil
function g,'(s;):

) —-0.5=s5,<-0.25
, _ —-0.25 =s5,<0.25
81'(s1) = 025=s,=05 @7)
0 otherwise

The actual three-zone pupils P, and P, generated by
g1'(s1), which should be used in a reflection-mode
system, are shown in Fig. 6. The axial behavior of
the impulse response of a conventional imaging sys-
tem with a pupil function P,'(p;) and that of a two-
pupil confocal scanning system are presented in Figs.
7(a) and 7(b), respectively. It is seen that improve-
ment of the axial resolution is accompanied by an
increment of the sidelobes, which is a usual effect
observed in superresolution systems. Using the full
width at half-maximum (FWHM) as a merit function,
we can state that, by means of simple Hermitian
pupils, one can achieve a 30% gain in axial resolution.

Another important characteristic of confocal imag-
ing is its capacity for sectioning. In the case of a
transmission-mode system the so-called integrated
intensity is a measure of this capacity. The inte-
grated intensity is defined as follows5:

I.(u) =2 f (v, Why, wPodv.  (28)

0

Making use of Eqgs. (14), (16), (21), and (27), we cal-
culated numerically the integrated intensity for a
transmission-mode system with two pupils P;’. The
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Fig. 7. Normalized axial distributions in the image of a point
source: (a) the light amplitude in a conventional imaging system
apodized with the pupil function P,’ and (b) the light intensity in
a two-pupil confocal scanning system apodized with P;" and (P,’)*
(reflection mode) or with either two pupil functions P;’ or two pupil
functions (P,')* (transmission mode); (c) integrated intensity for an
axially apodized system. In (a)-(c), the dashed curves indicate
the corresponding distributions for a nonapodized system.



result is presented in Fig. 7(c). A 30% gain in the
sectioning capacity (in terms of the FWHM) can be
seen. In reflection-mode systems, we use instead
the confocal signal I(x) and not the integrated inten-
sity. The confocal signal is, by definition, the signal
received by the point detector when a perfect reflector
perpendicular to the axis of the illuminating system
moves axially in the vicinity of the confocal point.
This magnitude can be expressed in terms of mapped
pupil functions as follows4:

Iw = f " g1(8)gx()explius)ds (29)

—0.5

Because g1(s) = g5*(s) and |g1(s)| = [g2(s)| = 1, Eq. (29)
reduces to that for the nonapodized system. Thus no
gain in confocal signal is obtained. This holds for any
pair of complex-conjugated purely phase pupils. On
the other hand, it can be shown that, for confocal flu-
orescence imaging, the confocal signal is identical to
the integrated intensity.’> This is because in the lat-
ter case we use the concept of a uniform-fluorescence
flat surface perpendicular to the axis and not that of a
perfect reflector. Therefore in 3-D confocal fluores-
cent imaging we benefit from the improved sectioning
capacity of the proposed pupil filters in both
transmission- and reflection-mode systems.

4. Discussion and Conclusions

The superresolution achieved with the two specific
filters proposed here is significant, although their pu-
pil functions were not optimized in a rigorous man-
ner. Therefore further improvement concerning the
reduction of the spot size of the PSF or an increase of
the Strehl ratio is expected. It is worth noting that,
for the pupil filters in question, an optimization pro-
cedure should take into account the following con-
straints, which do not appear in classical apodization
problems: an optimized AIR of the confocal system
must be a product of two real, asymmetric, but mu-
tually symmetric, functions.

The asymmetric lateral PSF’s considered here and
in Refs. 1 and 2 resemble, to some extent, the PSF of a
system with the aberration of coma. On the other
hand, there are some essential differences between
coma and asymmetric apodization. For example,
coma does not affect the images of axial points,
whereas asymmetric apodization does. Similarly, the
asymmetry of the axial PSF should not be considered
an aberration of defocus, unless one considers mapped
pupil functions of the form g(s,) = cos(As,) + i
sin(As,), which are Hermitian and by virtue of Eq.
(21) yield the actual pupil functions P(p,) = exp(—iA/
2)exp(iqu2). In a defocused system the axial behav-
ior of the PSF remains symmetric about the actual
focus, whereas in general this is not the case if asym-
metric axial apodization is concerned [Fig. 7(a)].
Nevertheless, the above remarks confirm the exis-
tence of a close relation between aberrations and apo-
dization,’¢ especially if one deals with phase-only
apodizers. Moreover, even in nonconfocal systems

some aberrations can cause the same effects as do
superresolution filters.1?

In a recent study by Sales and Morris!® it was
shown that multilevel phase-only superresolution
diffractive elements not only benefit from advances
made in diffractive optics technology but also demon-
strate many advantages with respect to other super-
resolution elements. It is worth mentioning the
flexibility of design, the simplicity of the optimization
procedures, superresolution performance, and toler-
ances to fabrication errors. Thus our choice of using
phase-only three-zone three-level pupils, which we
made with partially heuristic reasoning, finds addi-
tional justification.

In view of our results and those presented in Refs.
1 and 2, it seems that the most promising area of
application of asymmetric apodization is two-pupil
confocal scanning systems and, in particular, confocal
microscopes.
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