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By decomposing a linearly polarized light field in terms of plane waves, the elliptic intensity distribution
across the focal spot is shown to be determined by the E-vector’s longitudinal component. Considering
that the Poynting vector’s projection onto the optical axis (power flux) is independent of the E-vector’s
longitudinal component, the power flux cross section has a circular form. Using a near-field scanning
optical microscope (NSOM) with a small-aperture metal tip, we show that a glass zone plate (ZP) having
a focal length of one wavelength focuses a linearly polarized Gaussian beam into a weak ellipse with
the Cartesian axis diameters FWHMx � �0.44� 0.02�λ and FWHMy � �0.52� 0.02�λ and the (depth
of focus) DOF � �0.75� 0.02�λ, where λ is the incident wavelength. The comparison of the experimental
and simulation results suggests that NSOMwith a hollow pyramidal aluminum-coated tip (with 70° apex
and 100 nm diameter aperture) measures the transverse intensity, rather than the power flux or the total
intensity. The conclusion that the small-aperture metal tip measures the transverse intensity can be
inferred from the Bethe–Bouwkamp theory. © 2013 Optical Society of America
OCIS codes: 050.1380, 180.4243.

1. Introduction

The subwavelength focusing of light by means of
micro-optics elements remains a highly relevant
problem because the tighter focal spot not only pro-
duces a higher resolution in applications, such as
lithography, microscopy, and optical memory, but
also increases the radiation power density, which is
important for micromanipulation. In recent years,
significant advances have been reported in this
area. By way of illustration, the subwavelength
focusing has been performed using planar plasmonic
structures [1,2] or plasmonic lenses [3,4]. The tight
focusing of laser light can also be achieved in the
near-surface regions of conventional optical elements

like a microaxicon [5], a ZP [6,7], a microlens [8], a
solid immersion lens [9], and a conventional high
NA lens [10–13]. The subwavelength focal spot can
also be obtained on the tip of dielectric and metallic
microcones [14–16]. The micro-optics elements can
be utilized not only for subwavelength focusing but
also for nanoimaging [17].

Note, however, that the above-cited articles have
not been concerned with processes whereby the
near-field radiation is registered using a near-field
scanning optical microscope (NSOM) small-aperture
tip. The following questions have remained unan-
swered so far. Which radiation component—the
power density or the power flux—is being registered
by the near-field microscope? Why for the linearly
polarized light is the focal spot intensity in the form
of an ellipse, whereas the Poynting vector’s optical-
axis projection (power flux) is focused into a circle?
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Also, the publications quoted above lack the com-
parative analysis of the experimental data on the
subwavelength focal spot measurements and the re-
sults of the rigorous simulation based on Maxwell’s
equations.

The detection of the radiation component in the
focal region with an NSOM has been intensively
conducted previously [18–21]. This field is still under
debate. In [18] a golden conic tip with a 30° apex and
a 10 nm radius placed close to the glass substrate
was illuminated by a strongly focused laser mode of
wavelength λ � 830 nm and NA � 1.4. It was shown
to be sensitive only to the longitudinal E-field com-
ponent. The experiment was concerned with measur-
ing the intensity of the second harmonic generated
by the golden tip, which was found to be proportional
to the squared intensity of the incident field longi-
tudinal component. In [19], an NSOM aluminum
tapered fiber tip with a ∼60 nm aperture was used
to measure the focal spot of a linearly polarized laser
beam of wavelength λ � 633 nm and NA � 1.65:
FWHM � 0.43λ (across the polarization axis) and
FWHM � 0.66λ (along the polarization axis). The
discrepancy between the theory and the experiment
was 5%. The result has shown the probe to be equally
sensitive to the longitudinal and transverse field
components. Unfortunately, the authors have failed
to indicate the probe apex. In addition, the genera-
tion of the focal spot of evanescent waves in the vici-
nity of the substrate surface (refractive index is
n � 1.78) by means of an annular aperture was re-
ported in [19]. The focus measurement conducted
with the same NSOM probe showed the probe to be
three times more sensitive to the longitudinal E-field
component jEzj than to the transverse component
jExj, i.e., jEdetj2 � jExj2 � 3jEzj2. In [20], the focal
spot generated by a radially polarized laser beam of
wavelength λ � 633 nm and NA � 1.65 was mea-
sured using the same NSOM as in [19]. The theore-
tical and experimental values of the circular focal
spot size were found to be nearly the same: FWHM �
0.33λ or, with regard for the numerical aperture,
FWHM � 0.54λ∕NA. Note that the longitudinal com-
ponent was found to account for 70% of the total in-
tensity of the focus from the radially polarized field.
One can infer that the probe of [20] is predominantly
sensitive to the longitudinal field component. Mean-
while, an opposite result was reported in [21]. The
NSOM with a metal-plated tip measured the focus
from a plasmon polariton generated by an annular
slit in a metallic film. Although the longitudinal focal
component was estimated to be 10 times larger than
the transverse component (jEzj∕jExj ∼ 10), only the
transverse component jExj was experimentally de-
tected. Unfortunately, the geometry of the probe
was not discussed in [21]. From this brief overview
[18–21] we can infer that when using an NSOM to
detect the electromagnetic field the properties of
the probe play a crucial role. The coupling of different
field components appears to be largely determined
by the geometry of the probe (etching angle, coating

thickness, the aperture size). Because of this, we pro-
vide detailed characteristics of the tip utilized in this
paper. The NSOM tip used for the experiment was a
tetrahedral pyramid with a 20 × 20 μm base and a
13 μm height, with the tip apex being 70°. The hollow
pyramid was coated with a 500 nm layer of SiO2
and a 100 nm aluminum layer. The tip apex had an
aperture of ∼100 nm in diameter (see Fig. 14). It is
noteworthy that the experimental results discussed
in this work are in agreement with those reported in
[21]. Thus, it can be concluded that an NSOM with
such type of tip measures only the transverse E-field
component, jExj2.

In this paper, by decomposing the linearly polar-
ized light field in terms of plane waves we show that
the elliptic shape of the intensity cross section is
determined by the longitudinal E-field component.
Considering that the axial Poynting vector’s projec-
tion (the power flux) is independent of the said E-
vector’s longitudinal component, the power flux cross
section is a circle. Using an NSOM with a small-
aperture metal tip, we experimentally show that a
glass binary ZP with a wavelength focal length
focuses the linearly polarized Gaussian beam into a
weakly elliptical focal spot with the Cartesian axis
diameters FWHMx � �0.44� 0.02�λ and FWHMy �
�0.52� 0.02�λ and the DOF � �0.75� 0.02�λ, where
λ is the incident wavelength. The comparison of the
experimental results with the finite-difference time-
domain (FDTD)-based numerical simulation suggests
an unambiguous conclusion that the NSOM tip
measures the transverse intensity (power density)
rather than the power flux or the total intensity. The
fact that the small-aperture metal tip measures
the transverse intensity is in compliance with the
Bethe–Bouwkamp theory.

2. Linearly Polarized Light: Focal Spot Intensity and
Poynting Vector’s Projection

Assume that light is propagating along the optical
axis z. Let there be a linearly polarized electromag-
netic field with a radial symmetry in the initial plane
(z � 0):

8<
:
Ex�r;φ; 0�≡ Ex�r�;
Ey�r;φ; 0�≡ 0;
Ez�r;φ; 0�≡ 0;

�1�

where (r, φ) are the polar coordinates in the initial
plane.

After the propagation through the free space, the
light wave will have the following intensity:

I � jEj2 � jExj2 � jEyj2 � jEzj2; (2)

and the power flux, which is parallel to the optical
axis z will be given by

Sz �
1
2
Ref�E ×H��zg �

1
2
RefExH�

y − EyH�
xg: (3)
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Since Ey � 0, Eqs. (2) and (3) can be rearranged as

I � jExj2 � jEzj2; (4)

Sz �
1
2
RefExH�

yg: (5)

Using Maxwell’s equation for the monochromatic
light of frequency ω

rotE � −iωμ0μH; (6)

where μ is the permeability and μ0 is vacuum perme-
ability, we derive from Eq. (5) that

Sz � Re
�

−i
2ωμ0μ

Ex

�
∂E�

x

∂z
−
∂E�

z

∂u

��
: (7)

Let us decompose theEx-component in terms of the
angular spectrum of plane waves:

Ex�u; v; z� �
ZZ

R2
A�α; β� exp

�
ik
�
αu� βv

� z
������������������������
1 − α2 − β2

q ��
dαdβ; (8)

where (u, v, z) are the Cartesian coordinates in space
and (α, β) are the Cartesian coordinates in the spec-
tral plane, k � 2π∕λ.

From the third Maxwell’s equation

∂Ex

∂u
� ∂Ey

∂v
� ∂Ez

∂z
� 0; (9)

and considering that Ey ≡ 0, the Ez-component is
given by

Ez�u;v;z��−

ZZ
R2

α����������������������
1−α2 −β2

p A�α;β�exp
�
ik
�
αu�βv

�z
����������������������
1−α2−β2

q ��
dαdβ�C�u;v�: (10)

The constant C�u; v� that arises from the integra-
tion with respect to z, denotes the infinite constant
field on the z-axis. From physical considerations, we
may put it equal to zero. Also, the expression in the
brackets in Eq. (7) can be rearranged as

∂E�
x

∂z
−
∂E�

z

∂u
� −ik

ZZ
R2

1 − β2������������������������
1 − α2 − β2

p A��α; β�

× exp
�
−ik

�
αu� βv

� z
������������������������
1 − α2 − β2

q ��
dαdβ: (11)

Considering that the Ex-component is radially
symmetric in the initial plane, its angular spectrum
is also symmetric, i.e., A�ζ;ϕ�≡ A�ζ�, where (ζ, ϕ)
are the polar coordinates in the spectral plane. Tak-
ing this into account, Eqs. (8), (10), and (11) can be
rewritten in the polar coordinates. In this case, all
the integrals with respect to ϕ will be expressed
through the Bessel functions:

Ex�ρ; θ; z� � 2π
Z

∞

0
A�ζ� exp

�
ikz

�������������
1 − ζ2

q �
J0�kρζ�ζdζ;

(12)

Ez�ρ; θ; z� � −2πi cos θ

Z
∞

0
A�ζ� exp

�
ikz

�������������
1 − ζ2

q �

× J1�kρζ�
ζ2dζ�������������
1 − ζ2

p ; (13)

∂E�
x

∂z
−
∂E�

z

∂u
� −2πik

Z
∞

0
A��ζ� exp

�
−ikz

�������������
1 − ζ2

q �
×
��

1 −
ζ2

2

�
J0�kρζ� −

ζ2

2
J2�kρζ� cos�2θ�

�
ζdζ�������������
1 − ζ2

p : (14)

Substitute Eqs. (12)–(14) into Eqs. (4) and (7):

I � 4π2
����
Z

∞

0
A�ζ� exp

�
ikz

�������������
1 − ζ2

q �
J0�kρζ�ζdζ

����
2
� 4π2 cos2 θ

����
Z

∞

0
A�ζ� exp

�
ikz

�������������
1 − ζ2

q �
J1�kρζ�

ζ2dζ�������������
1 − ζ2

p
����
2
; (15)

Sz � −
2π2k
ωμ0μ

Re
��Z

∞

0
A�ζ� exp

�
ikz

�������������
1 − ζ2

q �
J0�kρζ�ζdζ

��Z
∞

0
A��ζ� exp

�
−ikz

�������������
1 − ζ2

q �

×
��

1 −
ζ2

2

�
J0�kρζ� −

ζ2

2
J2�kρζ� cos�2θ�

�
ζdζ�������������
1 − ζ2

p
��

: (16)
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From Eqs. (15) and (16), the intensity and the
power flux are seen to be symmetric about the x-axis,
so that they take the same values for any pair of
points (ρ, θ) and (ρ, −θ). It can also be inferred from
Eq. (15) that for a specified ρ the intensity is maximal
at points (ρ, 0) and (ρ, π) and minimal at (ρ, π∕2) and
(ρ, 3π∕2). This is the reason why an elliptic focal spot
is generated, with the major axis found on the x-axis
considering that the polarization is in the xz-plane.
Note that the radial symmetry violation is deter-
mined by the second term in the intensity expression
Eq. (15) and by the second factor in the power flux
expression Eq. (16). If the NA is small (ζ ≪ 1), the
factor ζ2∕�1 − ζ2�−1∕2 entering the second integral
in Eq. (15) tends to zero, preventing the second term
from making a significant contribution to the inten-
sity. This explains why the focal spot has a circular
shape. If, however, the tight focusing is performed,
for an essential proportion of waves of the angular
spectrum, the value of ζ will tend to unity. Thus,
the second term contribution may become several
times greater than that of the first term, leading
to the asymmetry, so that the focal spot becomes
an ellipse, or even a bone or a dumbbell.

For the power flux, the relation is different. The
ζ2∕�1 − ζ2�−1∕2 factor affects the symmetric and asym-
metric parts of the expression in the square brackets
in Eq. (16) in the same way. For a small NA (ζ ≪ 1),
the power flux is determined by the radially sym-
metric term �1 − ζ2∕2�J0�kρζ�. Because of this, when
measuring the focal spot’s intensity, rather than the
power flux, it has a circular form. When the NA is
high and ζ tends to unity, both terms in the square
brackets make approximately the same contribution.
However, the second term’s contribution cannot be
very much larger than that of the first term. Besides,
in the near-focus region (ρ � 0) the zero-order Bessel
function exerts a greater impact when compared
with the second-order Bessel function. Thus, the
resulting focal spot is closer to the circle than that
measured in terms of intensity.

By way of illustration, below we analyze a Bessel
beam with a circular angular spectrum:

A�ζ� � δ�ζ − α�; (17)

where δ�x� is the Dirac delta-function and α is the
Bessel beam parameter. Thus, instead of the integral
relations in Eqs. (15) and (16), we can obtain the ex-
plicit relations of the intensity and the power flux:

I � �2παJ0�kαρ��2 �
�

2πα2��������������
1 − α2

p J1�kαρ� cos θ

�2
; (18)

Sz � −
2π2k
ωμ0μ

J0�kαρ�
��

1 −
α2

2

�
J0�kαρ�

−
α2

2
J2�kαρ� cos�2θ�

�
α2��������������
1 − α2

p : (19)

To simulate the low NA case, we put α � 0.3
(Fig. 1). To simulate the tight focusing, we put α �
0.8 (Fig. 2) and α � 0.9 (Fig. 3). The intensity and
the power flux for different values of α are shown
in Figs. 1–3: the x-axis is horizontal and the y-axis
is vertical. The rest simulation parameters are: the
wavelength λ � 532 nm, the distance z � 10λ, and
the simulation domains −5λ ≤ x ≤ 5λ, −5λ ≤ y ≤ 5λ.

Figures 1–3 confirm the above-made assumptions.
With increasing numerical aperture, the focal spot
measured for the intensity is, at first, a circle, then,
becomes an ellipse, finally acquiring a dumbbell
form. Note that for the power flux, the focal spot al-
ways remains close to a circle [in Fig. 3(b)], being de-
scribed by a weak ellipse elongated along the y-axis,
as can easily be seen from Eq. (19). From Figs. 2
and 3, the focal spot sizes for the intensity and the

Fig. 1. (Color online) Patterns of (a) the intensity and (b) the
power flux for the Bessel beam at α � 0.3.

Fig. 2. (Color online) Patterns of (a) the intensity and (b) the
power flux for the Bessel beam at α � 0.8.

Fig. 3. (Color online) Patterns of (a) the intensity and (b) the
power flux for the Bessel beam at α � 0.9.

20 January 2013 / Vol. 52, No. 3 / APPLIED OPTICS 333



power flux measured along the vertical axis are seen
to be close to each other. From Fig. 3, the power flux
is seen to generate a weak elliptical focal spot with
FWHMx � 0.36λ and FWHMy � 0.44λ, whereas the
intensity is focused in a bone-like spot with the
Cartesian axis diameters of FWHMx � 0.98λ and
FWHMy � 0.40λ.

3. Tight Focusing of Linearly Polarized Light with a
Subwavelength Binary Axicon

In Section 1, the propagation of a linearly polarized
field with the initial amplitude described by the
Bessel function was simulated using Eqs. (18) and
(19). In this section, we address the inverse problem
of generating a linearly polarized Bessel beam with a
binary microaxicon using the FDTD-based simula-
tion. We demonstrate that the diffraction patterns
have the same structure in both cases.

We aim to simulate the propagation of a linearly
polarized Gaussian beam of wavelength λ � 532 nm
and waist radius ω � 7λ through a binary micro-
axicon of radius R � 8 μm, period T � λ (see Fig. 4),
refractive index n � 1.52, and height h � 532 nm.
The simulation was conducted using the FDTD-
based FullWAVE software [22], the grid quantization
was λ∕50 in space and λ∕100c in time, where c is the
speed of light in free space. It is noteworthy that
when calculating the power flux instead of the inten-
sity, the resulting focal spot is a circle (rather than
an ellipse) whose diameter is somewhat larger than
the minor diameter of the intensity ellipse.

Figure 5(a) shows an adjacent two-dimensional
(gray-level) intensity pattern generated by the binary
microaxicon of period T � λ � 532 nm (Fig. 4), while
Fig. 5(b) shows the power flux in the same plane.

From Fig. 5, the power flux is seen to generate a
circular focal spot with FWHM � 0.36λ, whereas
the intensity is focused in an elliptic spot with the
Cartesian axis diameters of FWHMx � 0.75λ and
FWHMy � 0.30λ. The reason is that the E-field’s
longitudinal component Ez does not contribute to
the Poynting vector’s longitudinal component. The
Ez component arises in the polarization plane XZ
when the rays are converging in focus. In the perpen-
dicular plane YZ, the Ez component does not arise
when the rays are converging in focus. The focal spot
patterns in Figs. 5 and 3 are seen to be in a qualita-
tive agreement. For instance, the ratio of the major
axis to the minor axis of the ellipse in Fig. 3(a) is
0.98λ∕0.40λ � 2.45, which is nearly the same as that
for the ellipse in Fig. 5(a): 0.75λ∕0.30λ � 2.5.

4. Tight Focusing of the Linearly Polarized Light
Using a Zone Plate

A. Simulation

In this section, we analyze focusing a linearly polar-
ized Gaussian beam of wavelength λ � 532 nm and

Fig. 4. (Color online) Contour map of the binary microaxicon of
period T � λ in the calculated field (the rings have n � 1.52, while
the background has n � 1).

Fig. 5. (Color online) Patterns of the near-surface (a) intensity and (b) the power flux generated at distance λ∕20 using a binary
microaxicon of period T � λ.
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radius ω � 7λ with a binary ZP of the incident wave-
length’s focus, f � λ, radius R � 20λ � 10.64 μm,
and refractive index n � 1.52. The template of such
a ZP is shown in Fig. 6. The ZP has NA � 0.997. The
estimated focusing efficiency is 42%.

The ZP radii [Fig. 6(a)] were calculated by the
well-known formula rm � �mλf �m2λ2∕4�1∕2, where
m is the zone radius number. The simulation was
performed using the body of revolution (BOR)-FDTD
method [14] and included the comparative analysis
of results derived for different space discretization
values. Figure 6(b) depicts the focal intensity pattern
in pseudocolors.

Figure 7 shows the Cartesian focal spot’s profiles
on the x-axis (φ � 0) and y-axis (φ � π∕2): (a) inten-
sity and (b) power flux. From Figs. 6(b) and 7(a), the

Fig. 6. (Color online) (a) Template of a ZP with a one-wavelength focal length, f � λ and (b) the intensity pattern in the focal plane. The
polarization is along the y-axis.

Fig. 7. (Color online) Patterns of (a) the intensity and (b) the power flux in the focal plane for the space step Δr � λ∕50. The profiles are
mapped along the x-axis (φ � 0) and y-axis (φ � π∕2).

Table 1. Focal Spot Size

FWHMx�φ � 0�, λ FWHMy�φ � π∕2�, λ DOF, λ

Intensity 0.42� 0.01 0.84� 0.01 0.86� 0.01
Modulus of Poynting vector’s projection onto the z-axis 0.45� 0.01 0.45� 0.01 —

NSOM-based experiment 0.44� 0.02 0.52� 0.02 0.75� 0.02

Fig. 8. (Color online) Comparison of the ZP-aided intensity
profiles along the optical axis produced by the BOR-FDTD Matlab
simulation (curve 1) and FDTD-based FullWAVE simulation
(curve 2).
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focal spot intensity is seen to form an ellipse. At
the same time, Fig. 7(b) shows that the power flux
distribution across the focal spot forms a circle. In
Table 1, two upper rows show the FWHM for the
intensity (row 1) and for the power flux (row 2).

Figure 8 depicts the intensity profiles calculated
by the BOR-FDTD method in Matlab [14] (curve 1)
and by the FDTD method in the FullWAVE software
[22] (curve 2). The DOF values are shown in the
column 4 of Table 1.

B. Experiment

The high-quality ZP was fabricated by a lithographic
procedure in a ZEP resist (n � 1.52). The atomic force
microscope (AFM) images of the ZP in Fig. 9 present
(a) the side views and (b) the top view. The ZP para-
meters are as follows: relief depth, 510 nm; diameter,
14 μm; and the outermost zone, 0.5λ � 266 nm. The
ZP has 12 rings and a central disk.

The propagation of a linearly polarized Gaussian
beam of wavelength λ � 532 nm through the ZP of
focus f � λ was experimentally studied using NSOM
Ntegra Spectra (NT-MDT), as shown in Fig. 10(a).
The NSOM arrangement is shown in Fig. 10(b). A

linearly polarized light beam from a 532 nm laser
was focused with a lens L1 onto the substrate bottom.
Following the diffraction by the ZP, the transverse in-
tensity distributions in the planes parallel to the ZP
were measured at different distances (at ∼100 nm in-
tervals) using anNSOM tip C. The tip-coupled portion
of light was then focusedwith lens L2 and transmitted
through spectrometer S to filter out the irrelevant
radiation, before being registered by the CCD camera.
The collation of the resulting transverse intensity
profiles enables the intensity distribution on the ZP
optical axis to be plotted [Fig. 11(a)] and the focal
length and DOF to be derived.

The resulting experimental intensity profile on
the ZP’s optical axis is plotted as a blue crossline
markings in Fig. 11(a) (left axis), whereas the focal
spot sizes are marked with green vertical segment
(right axis). Figure 11(b) shows an example of the
focal spot intensity pattern obtained directly on the
microscope.

The averaged sizes of the ZP-generated elliptic fo-
cal spot are given in row 3 of Table 1. From Fig. 11(a),
the intensity peak on the axis is seen to be shifted
from the geometric focus plane, f � λ � 532 nm,

Fig. 9. (Color online) AFM images of the ZP under study: (a) side view and (b) top view.

Fig. 10. (Color online) (a) NSOM-aided experimental setup and (b) arrangement.
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toward the ZP (z � 400 nm). Note that at distance
z � 400 nm the focal ellipse has the same smaller
size for the experiment and for the simulation:
FWHM � 0.42λ.

For comparison, Fig. 12 depicts the profiles of
simulated intensity (curve 1) and power flux (curve
3), and the experimentally measured distribution
obtained on the NSOM (curve 2). From column two

of Table 1, the curves are seen to be nearly coincident
so that the difference is below the measurement
error of�0.02λ. With the difference being only notice-
able at sidelobes, it still does not allow one to say
unambiguously whether the device really measures
the intensity or the power flux, because the sidelobes
are somewhat lower than those of the experimental
curve for the calculated power flux and somewhat
higher for the calculated intensity.

Figure 13 shows the focal spot profiles on the y-axis,
which is parallel to the polarization plane, namely,
the calculated distribution of power flux on the z-axis
(curve 3), the experimental intensity distribution
(curve 2), and the calculated intensity distribu-
tion (curve 1) taken as a superposition of (a) all com-
ponents and (b) only transverse components.

Figure 13(a) suggests that the longitudinal inten-
sity component is not measured in the course of the
experiment (column 3 of Table 1), because the total
intensity peak (FWHM � 0.84λ) is wider than the ex-
perimental peak (FWHM � 0.52λ) by a value larger
than the measurement error �0.02λ. In the mean-
time, the experimental peak is wider than the calcu-
lated peak for the power flux (FWHM � 0.45λ) by a
value larger than the measurement error, thus
posing the question: what exactly is measured in the

Fig. 12. (Color online) Comparison of the experimental and cal-
culated distribution in the focal spot on the x-axis: calculated in-
tensity profile (curve 1), experimental intensity profile (curve 2),
and the calculated distribution of the Poynting vector’s absolute
value onto the z-axis (curve 3).

Fig. 13. (Color online) Comparison of the experimental and calculated distribution in the focal spot on the y-axis, which is parallel to the
polarization plane: calculated distribution of Poynting’s vector absolute value onto the z-axis (curve 3), the experimental intensity dis-
tribution (curve 2), and the calculated intensity distribution (curve 1) taken as a superposition of (a) all components and (b) only transverse
components.

Fig. 11. (Color online) (a) Experimental intensity profile on the optical axis from the ZP in Fig. 9 (blue crossline markings; the left axis)
and the focal spot smaller sizes (green vertical segments; the right axis) and (b) the focal spot cross section at the focal length f � λ �
532 nm (the vertical axis is in the polarization plane).
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experiment? In Fig. 13(b), the comparison of the ex-
perimental intensity (curve 2) and the transverse
intensity jExj2 � jEyj2 (curve 1) shows the peak
widths to be the same: FWHM � 0.52λ. Therefore,
we can unambiguously infer from Fig. 13 that the
NSOM with a hollow metal pyramidal tip having a
100 nm aperture and with 70° apex (Fig. 14) mea-
sures the energy density in the form of transverse
intensity jExj2 � jEyj2 rather than the power flux
or the total intensity jExj2 � jEyj2 � jEzj2. This is the
reason why the focal spot ellipse in Fig. 11(b) is less
pronounced than the calculated ellipse in Fig. 6(b).

The propagation of the electromagnetic field
through the small hole in a metal screen is described
within the Bethe–Bouwkamp theory [23–25]. The
theory states that a linearly polarized plane tilted
wave incident onto the metal screen with a small
hole of diameter a ≪ λ induces an electric dipole
found in the perpendicular plane to the slit and a
magnetic dipole found in the hole plane. Therefore,
when a tilted plane wave E is incident on the small
hole, the far-field relationship is described by the
electric dipole P and magnetic dipole M:

P�−
4
3
ε0a3�Enz�nz; M�−

8
3
a3�nz × �E×nz��; (20)

where nz is the unit vector of the optical axis that
is perpendicular to the hole plane. From Eq. (20),
the electric dipole is seen to be formed only by the
longitudinal component of the electric field E. Note,
however, that a dipole oriented along the optical axis
radiates in the transverse direction, not radiating
along the optical axis itself. On the contrary, themag-
netic dipole in Eq. (20) is formed only by the trans-
verse electric field components, because the internal
vector product on the right-hand side of Eq. (20)
equals zero for the longitudinal electric field compo-
nent. Thus, the longitudinal electric field component
is not registered by a photoreceiver put on the optical

axis at a distance from the small hole in the metal
screen.

5. Conclusions

Summing up, the following results have been obtained
in this work:

By decomposing a vector electromagnetic field in
terms of plane waves, the linearly polarized incident
wave with high NA has been generally shown to
generate a focal spot with the transverse intensity
distribution in the form of an ellipse or a dumbbell
elongated in a parallel plane to the incident light
polarization plane. Meanwhile, the power flux distri-
bution has the form of a circle or an ellipse whose
major semi-axis is in a perpendicular plane to the
incident beam polarization plane.

The FDTD method simulation has shown that the
subwavelength focusing of a linearly polarized wave
with the aid of a binary axicon that has the one-
wavelength period produces the adjacent focal spot
characterized by the “dumbbell” intensity distribu-
tion and the circular power flux distribution.

The FDTD simulation has shown that when illu-
minated by a linearly polarized wave, the glass bin-
ary ZP of a one-wavelength focal length produces the
intensity focal spot in the form of an ellipse with the
smaller diameter FWHM � �0.42� 0.01�λ, whereas
the power flux focal spot has the form of a circle with
diameter FWHM � �0.45� 0.01�λ.

The experiment conducted using the NSOM with
a hollow, aluminum-coated pyramidal tip with a
100 nm aperture and a 70° tip apex has shown that
when illuminated by a linearly polarized Gaussian
beam, the binary ZP of one-wavelength focal length
generates a focal spot in the form of a weak ellipse
with the Cartesian axis diameters FWHMx �
�0.44� 0.02�λ and FWHMy � �0.52� 0.02�λ and the
DOF � �0.75� 0.02�λ. The comparison of the experi-
mental and simulation results suggests that NSOM
measures the energy density in the form of trans-
verse intensity, rather than the power flux or the
total intensity. The conclusion that the metal tip
with a small aperture measures the transverse in-
tensity jExj2 � jEyj2 can be inferred from the Bethe–
Bouwkamp theory.
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Basic Research grants (12-07-00269, 12-07-31115,
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