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Abstract. We present numerical calculations on the field dis-
tribution in the focus of an optical system with high nu-
merical aperture. The diffraction integrals which are based
on the Debye approximation are derived and evaluated for
a radially polarized input field with a doughnut-shaped inten-
sity distribution. It is shown that this mode focusses down
to a spot size significantly smaller as compared to the case
of linear polarization. An experimental setup to measure the
three-dimensional intensity distribution in the focal region is
presented, which is based on the knife-edge method and on
tomographic reconstruction.

PACS: 42.15.Dp; 42.25.Ja; 42.30.Wb

For many applications smaller two-dimensional focal spot
sizes improve the performance of an optical system. In the
case of confocal microscopy it is also important to have
knowledge about the third dimension of the focal field
distribution.

In a theoretical approach, Richards and Wolf [1] have es-
tablished a vectorial diffraction theory for systems with high
numerical aperture. They found that the focus of a linearly po-
larized beam is asymmetrically deformed. This asymmetry is
an effect due to the vector character of the electric field and
was described in detail by Stamnes [2]. It has been shown that
this asymmetry can be overcome when a radially polarized in-
put field is used which best fits the symmetry of the focussing
system [3]. In the focus a strong longitudinal field component
with a narrow intensity distribution is formed. Furthermore,
the focal spot size can be reduced compared to the case of
a linearly polarized input field. We will derive the diffraction
integrals for focussing such a field distribution.

The performance of an optical system is typically charac-
terized by measuring the optical transfer function (OTF) or
the intensity point spread function (PSF). In a confocal in-
terference microscope, aberrations of the optical system can
be evaluated by measuring the defocus signal [4]. Another
approach would be to determine the focal field distribution.
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A scheme to directly measure the complex field distribution
in the focus of a system with high numerical aperture was
proposed. In an interferometric setup the use of small (fluor-
escent) beads and two shifted focal field distributions is sug-
gested [5]. We present a different experimental setup, which
is based on the knife-edge method [6] combined with tomo-
graphic reconstruction, and which allows one to determine
the three-dimensional intensity distribution in the focus of op-
tical systems with high numerical aperture.

1 Vector diffraction theory – Debye approximation

For high numerical aperture systems where effects due to the
vector character of the electric field become important, a vec-
tor diffraction theory is necessary. A plane wave incident on
a focussing system is transformed into a converging spheri-
cal wave. The starting point of the approach is to expand this
spherical wave into an angular spectrum of plane waves [1, 2].
For large Fresnel numbers, as in our case, the Debye approx-
imation can be used to calculate this angular spectrum. Liter-
ally speaking, only those plane waves contribute to the field
in the focus the propagation directions of which correspond
to the geometric optical rays. In this approximation, diffrac-
tion effects due to the edge of the aperture are not considered.
The field in the focus can be evaluated by superposing those
plane waves, keeping track of the phase and the direction of
polarization. This yields

E(r2) = −i

2π

∫ ∫
Ω1

dkxdky
A(kx, ky)

kz
exp[ik · (r2 − r1)]. (1)

Evaluating the problem, following the analysis of Richards
and Wolf [1] for a linearly polarized input field, it turns out
that the focal field no longer shows rotational symmetry.
This behavior can easily be understood in a ray-tracing pic-
ture (Fig. 2a). For light rays propagating in the plane which
contains the optical axis and which is perpendicular to the di-
rection of the polarization vectorp0 of the linearly polarized
incoming field, all electric-field vectors are parallel in the fo-
cus and add up perfectly. However, the situation is different in
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Fig. 1. An incoming planewave istransformed into a sphericalwave by the
focussing system

Fig. 2a,b. Ray-tracing model for focussing a linearly (a) and a radially
(b) polarized incoming field

the plane which is perpendicular to the first plane, also con-
taining the optical axis so that the direction of polarization is
parallel to this plane, as is depicted in Fig. 2a. In this plane
the electric-field vectors are not parallel in the image space,
so that there is a partial cancellation of the field in the focus
when the field components are superposed. As a result, lines
of equal intensity in the focal plane are no longer circular.

However, for a polarization distribution with azimuthal
symmetry, complete rotational symmetry of the field in the
focus is expected. We now consider a radially polarized field.
In the ray-tracing picture, for each plane containing the op-
tical axis and the corresponding geometric optical ray, the
electric-field vector is parallel to this plane (see Fig. 2b).
Furthermore, for high numerical aperture systems, there ex-
ists a strong longitudinal field component parallel to the
optical axis.

Such a radially polarized field distribution can be de-
scribed as a superposition of a TEM10-Gauss–Hermite mode
with a polarization direction parallel to thex-axis and
a TEM01 mode with a polarization direction parallel to the
y-axis. The relative phase difference between the two modes
has to beφ = 0. Hence the field in the waist of this radially
polarized doughnut mode is given by

E(x, y) = E0

(
exp

[
− 	2

ω2
0

]
xex +exp

[
− 	2

ω2
0

]
yey

)

= E0 exp

[
− 	2

ω2
0

]
	e	, (2)

where	 =√
x2 + y2 andω0 denotes the beam radius.

We now derive, to our knowledge for the first time, the
focal field distribution of this special, radially polarized in-
put field. The results of this calculation have already been
communicated in [3]. To proceed, we adapt the calculations
described in [1, 2] to obtain the field for linear polarization.
We start with (1) and have to determine the vector amplitude

A(kx, ky) = Ã(kx, ky) p̂rad(kx, ky) ; (3)

p̂rad indicates the direction of the electric field of each plane
wave as given by geometric optics. Next, we introduce a set
of spherical coordinates to rewrite the components ofk and
obtain

kx = −k sinα cosβ and ky = −k sinα sinβ . (4)

Since the system is rotationally symmetric with respect to the
optical axis, the factor̃A depends only onα:

Ã(kx, ky) = A(α) , (5)

whereα is the angle betweenk and the optical axis. For an
aplanatic system, we obtain

A(α) = E0 f sinα exp

(−( f sinα)2

ω2
0

)√| cosα|, (6)

where we use the relation

A(α) = A0( f sinα)
√| cosα|. (7)

For the aplanatic system the distance from the optical axis in
the aperture plane where the lens is situated is given by	 =
f sinα. A0(	) is the amplitude variation of the incident field
as shown by Stamnes [2]. In our caseA0(	) is given by (2).
The factor

√| cosα| accounts for energy conservation.p̂rad is
a unit vector indicating the direction of the electric field:

p̂rad(kx(α, β), ky(α, β)) =
(

cos(α) cos(β)
cos(α) sin(β)

sin(α)

)
. (8)

Rewriting (1) in terms of the coordinatesα andβ yields

E(r̃, θ̃, φ̃) =−ik

2π

2π∫
0

dβ

θ1∫
0

dαA(α) sinα p̂rad(α, β) (9)

×exp{ikr̃[cosθ̃ cosα−sinθ̃ sinα cos(β − φ̃)]}.
The β-integration can be evaluated analytically using the
relations

2π∫
0

dβ cos(nβ) exp[it cos(β −γ)] = 2π in Jn(t) cos(nγ), (10)

2π∫
0

dβ sin(nβ) exp[it cos(β −γ)] = 2π in Jn(t) sin(nγ), (11)

wheren is an integer andJn(t) is the Bessel function of the
first kind of the ordern. Finally, we end up with the diffrac-
tion integral for a focussed radially polarized doughnut-
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shaped input field, where we introduced cylindrical coordi-
nates(	̃, z̃, φ̃) centered at the geometrical focus:

E(	̃, z̃, φ̃) = − ik

2π

θ1∫
0

dαA(α) sinα exp(ikz̃ cosα)

×

2π i cosαJ1(−k	̃ sinα) cosφ̃

2π i cosαJ1(−k	̃sinα) sinφ̃
2π sinαJ0(−k	̃sinα)


 , (12)

with z̃ = r̃ cosθ̃ and	̃ = r̃ sinθ̃. Thus,	̃ describes the radial
distance of the observation point from the optical axis, while
z̃ is the distance of the observation point from the geometrical
focus along the optical axis. Here,θ1 is the maximum angle of
incidence of the plane waves, and it is related to the numerical
aperture of the system by sinθ1 = NA.

2 Results of the numerical calculations

We have numerically evaluated the diffraction integrals
in (12) as well as the formulae for a linearly polarized input
field as described by Stamnes for various numerical apertures.
We are interested in the time-averaged energy density of the
electric field, that can be obtained from the electric field (in
Gaussian units) with the relation

〈wel(	̃, z̃, φ̃)〉 = 1

16π2
E · E∗. (13)

For a linearly polarized input field, Fig. 3a shows that the in-
tensity distribution in the focal plane no longer has rotational
symmetry, although the intensity distribution of the initial
field was rotationally symmetric. The figure shows the limit
of high numerical aperturesNA → 1.0. The contour lines of
equal intensity resemble more or less the shape of ellipses.
In contrast, the energy density of the radially polarized field
exhibits full rotational symmetry (Fig. 4a). Furthermore, eval-
uating the focal spot size shows that the focussed radially
polarized beam has a slightly smaller area than the focussed
linearly polarized field. The spot size is defined by the area
enclosed by the contour line at half the maximum value. The
spot sizes are 0.277λ2 and 0.266λ2 for the linearly polarized
field and the radially polarized field, respectively.

In a next step we examine how the focal spot sizes can
be reduced. From the scalar theory of diffraction it is well
known that introducing an annular aperture reduces the spot
size [7]. However, the side lobes become more pronounced,
which leads to a reduced peak intensity. To transfer this con-
cept to the vector treatment means that only those parts of the
plane-wave spectrum having a large transverse component of
thek vector are superposed in the focal region. In the mathe-
matical treatment, this is considered by increasing the lower
limit of the diffraction integral to a valueθ0 > 0 [8]. In order
to experimentally obtain the distribution of such an angular
spectrum, an annular aperture has to be inserted in the front
focal plane of the focussing system [9].

Surprisingly, the focal spot size of a linearly polarized
beam increases slightly to a value of 0.330λ2 when insert-
ing an annular aperture with an inner diameter of 90% of the
lens diameter. This is an effect due to the vector character of
the electric field. The shape of the focus is strongly deformed
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Fig. 3a,b. Comparison of the field distributions for linear polarization. Field
distributions in the focal plane for a a beam with homogeneous intensity
distribution and b a beam with annular field distribution. On the right-hand
side a contour plot of the intensity distribution is depicted. The profiles
along the direction of polarization (solid line) and the perpendicular direc-
tion (dashed line) are shown on the left-hand side. All curves have been
calculated for NA = 1.0

and has the shape of a bone rather than the shape of an ellipse
(Fig. 3b). In addition, the side lobes are very pronounced,
reaching values of about 28% to 40% of the central inten-
sity, depending on the direction of observation. In contrast,
the spot size of the radially polarized field reduces consid-
erably to 0.110 λ2 when using the annular aperture. This is
a factor of two smaller than in the case without the annular
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Fig. 4a,b. Profile of the rotationally symmetric focal field distribution of
a radially polarized doughnut without a and with b an annular aperture.
Solid line: total electrical intensity, long dashed line: longitudinal compon-
ent, dashed line: transversal component of the electric field. All curves have
been calculated for NA = 1.0
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aperture and up to a factor of three smaller compared to the
linearly polarized input field with an annular aperture. More-
over, the side lobes are less pronounced, i.e. the peak values
of the side lobes’ intensity are less than 18% of the intensity at
the center (Fig. 4b). This is relevant for applications operating
with a threshold criterion.

For high numerical apertures, the field distribution of
the focussed radially polarized doughnut mode has a strong
longitudinal component on the optical axis, while the trans-
verse field vanishes. Off-axis, both longitudinal and trans-
verse components are present. The focal spot size can be
further reduced if there is a way to exploit only the narrow
longitudinal component as shown by the long dashed lines
in Fig. 4. Spot sizes of 0.160 λ2 and 0.107 λ2 can be reached
with and without an annular aperture, respectively. These nor-
mal field components could be used exclusively, when having
self-assembled monolayers of linear molecules all oriented
normal to the surface. It is known that some molecules se-
lectively react only to a light polarization oriented along the
axis of the molecule [10]. Another method would be to use
the boundary conditions of the electric field near the surface
of a conductor. Normal, i.e. longitudinal electric-field compo-
nents may exist right at the surface of the metal, while trans-
verse components are reduced to zero by the induced surface
currents. Therefore, a thin photosensitive layer on a metal
substrate will experience only the normal electric-field com-
ponents, even if the material itself is sensitive to all directions
of polarization [3].

3 Experimental setup and measuring scheme

So far we have calculated the intensity distribution in the fo-
cus for high numerical aperture systems. The aim is now to
measure the intensity distribution and the spot sizes for the
various input fields experimentally. The experimental setup is
based on the knife-edge method. The desired input-field dis-
tribution is focussed by a microscope objective onto specially
designed p-i-n photodiodes. On the light-sensitive area of the
diodes, rectangular and triangular gold pads with a thickness
of about 100 nm were structured using electron-beam lithog-
raphy. The orientation of the triangles on one of the diodes
was rotated in steps of 10◦ relative to each other (Fig. 5). It is
important that the edges of the gold pads are very sharp and

Fig. 5. SEM picture of the photodiode. The rectangular structures are the
contact pads to tap the photocurrent; the equilateral triangles have a side
length of 40 µm. The triangles provide the edges at different angles

straight to obtain high lateral resolution. These edges can be
used as the knife edge, so that part of the focussed field can
be blocked by the gold layer. In contrast to the conventional
knife-edge method the transmitted light does not propagate
any further, but it is detected directly by the photodiode. Thus
effects of diffraction are minimized.

The diode is mounted on an x − y − z piezo-driven table.
This allows us to move the diode and therefore the gold edges
through the focus. The minimum step width was 13.4 nm.
The gold structure partially blocks the beam in a plane per-
pendicular to the optical axis (Fig. 6). The photocurrent of
the diode is proportional to the intensity that is incident on
the light-sensitive area, which depends on the fraction of the
beam blocked by one of the gold structures.

The photocurrent IPhoto depends on the displacement of
the photodiode in the following way:

IPhoto(s, z0) ∝
s∫

−∞

∞∫
−∞

I(x, y, z0) dx dy, (14)

where the intensity is measured in the plane at z = z0, and x0
is the position of the knife edge. A typical curve for the sig-
nal of the diode when it is moved through the focus is shown
in Fig. 7a. IPhoto is equal to zero when the beam is completely
blocked by the diode, and reaches a maximum value when
the focal spot completely illuminates the photosensitive area.
Figure 7b shows the first derivative of the measured curve

∂IPhoto(s, z0)

∂s
∝

∞∫
−∞

I(x = s, y, z0) dy, (15)

which is proportional to the projection of the focal intensity
distribution onto the translation axis along which the gold
edge is moved through the focus. The task is to reconstruct
the intensity distribution from the knowledge of the various
projections.

Therefore, the gold edge is moved through the focus under
N different angles which are equally spaced with a differ-
ence of ∆ = π/N to each other. When the resulting curves
are differentiated, one obtains the discrete Radon transform-
ation RI of the intensity distribution in the focal plane. RI is
therefore given as a set of N one-dimensional discrete func-
tions { fn∆}(s). Now the discrete Radon back-projection [11]

[B{ fn∆}](x, y) = ∆

N−1∑
n=0

fn∆(x cos n∆+ y sin n∆︸ ︷︷ ︸
s

) (16)

Gold

Diode

Focal
spotdirection

displacement

Fig. 6. Measurement scheme
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Fig. 7a,b. Photocurrent as a function of displacement (a). Differentiated
signal of the photodiode (b)

can be applied to reconstruct the initial intensity distribution
from the measured Radon transform

I(x, y) = BF −1[|s| ·F (RI)](x, y). (17)

Here ‘F ’ and ‘F −1’ denote the one-dimensional (inverse)
Fourier transform with respect to the coordinate s. This tech-
nique is often used in tomography to reconstruct images from
projections (see S. Rowland’s article in [11]).

4 Experimental results

With this method we have performed a first test measure-
ment. We measured the intensity distribution in the focal
plane z = 0 for a homogeneous, linearly polarized input field
that was focussed by a microscope objective with a numer-
ical aperture of 0.8. We performed the measurement for 42
different angles by simultaneously rotating the microscope
objective and the direction of polarization. The reconstructed
intensity distribution in the focal plane is shown in Fig. 8a.
The picture shows that coma effects due to aberrations of the
objective are present. This can clearly be seen by the crescent-
shaped structures along the x axis. In this measurement, the
direction of polarization of the input field was oriented par-
allel to the y axis. There are also some underlying radially
oriented structures in the reconstructed image, which are arte-
facts due to the limited number of projections for which
measurements were made.

Figure 8b shows a comparison between the measured (re-
constructed) intensity distribution in the center of the focus
along the y axis, which is less affected by coma and the the-
oretical predictions (solid line).
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Fig. 8a,b. Reconstructed intensity distribution in the focal plane of a mi-
croscope objective where coma is present (a). Comparison of the recon-
structed intensity distribution along the y-axis (+) with the theoretical
prediction (−) (b)

5 Conclusion

For a focussing system with high numerical aperture, a radi-
ally polarized input field best matches the symmetry of the
system and leads to a rotationally symmetric focal spot. In
contrast to a linearly polarized input field, a strong field com-
ponent parallel to the optical axis appears in the focal region.
When an annular aperture is used, the spot size can be re-
duced by about a factor of two at the cost of increased side
lobes. However, these side lobes are a factor of two to three
smaller than the ones observed for a linearly polarized input
field. An experimental setup was presented and demonstrated
which is able to measure the three-dimensional intensity dis-
tribution in the vicinity of the focus. The setup allowed us
to measure aberrations of the focussing microscope objective
and is able to detect deviations in the shape of the focal field
which are due to polarization effects. In a next step, the reduc-
tion of the spot size of a focussed radially polarized input field
will be measured using an optimized setup with higher lateral
resolution. Therefore the experimental setup will be improved
by using an objective with higher numerical aperture and with
a positioning system of higher spatial resolution. With this
modified apparatus the focal deformation for linearly polar-
ized light and the reduced spot size for radially polarized light
will be measured.
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