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Abstract. We present results of numerical analysis of the diffraction of a plane monochromatic
TE-wave on an ideal homogeneous dielectric cylinder with several resonant wavelength scale
radii. Two subsequent near-surface maxima of intensity (two focuses) generated at the cylinder
output were found on the optical axis. The first subwavelength focus is formed by one of the
whispering gallery mode lobes. Its intensity is 50 times the incident light intensity and its full
width at the half maximum of the intensity is equal to 0.155 of the incident wavelength. The
second focus is two times less in intensity. Its focal spot known as a photonic nanojet is
stretched toward the optical axis. The second focus is formed at a distance about the
wavelength from the cylinder surface. Its width is equal to 0.44 of the wavelength and its
length is two wavelengths. The influence of material absorption on the light focusing is also
examined by numerical simulation.
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1. Introduction

Subwavelength light focusing (focusing into a region with dimensions smaller than the wavelength) by
microparticles and small obstacles which sizes as a rule are comparable to wavelengths is a
comparatively new area of scientific research. This physical phenomenon attracts attention after
publications [1-3]. It was shown [1] that a dielectric microsphere focus light into a rather narrow spot
(known as a photonic nanojet). If there is a nanoparticle inside the photonic nanojet the scattered field
detects this object. Nanojets are typically formed by diffraction gratings [4] and radially symmetric
obstacles [5] and a gradient lenses [6]. Several papers is devoted to light focusing by a multilayered
microsphere [7], a spheroidal microsphere [8], a two-layered microsphere [9, 10], a cylinder [11-13],
and a disk [14]. Since sharp focusing allows to increase resolutions of microscopes and optical
detectors, the basic application of sharp focusing is probing and detecting of nanoobjects. Resonant
modes can be excited in all the above-mentioned microobjects. For example, the excitation of the 18-
th whispering gallery mode in a microcylinder from polyester was examined [15]. Optical resonances
in particles and microobjects are used in highly sensitive sensors and filters [16]. The quality factors of
optical resonance modes are extremely high [17] and, consequently, their spectral widths are very
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narrow. It allows to use them in supersensitive filters. Optical resonances are used to obtain
subwavelength focusing of light since transverse sizes of focal spots decrease when resonant modes
are excited inside the optical element [18-20].

In this paper the whispering gallery modes and their influence on the subwavelength light focusing
are investigated by using the existing analytical solution of the diffraction problem on a cylinder. We
have improved our results [19] reducing the width of the focal spot to 0.155 of the wavelength. We
also discuss the subwavelength focusing and whispering gallery modes in a two-layered cylinder. It is
shown that taking into account the complex refractive index, i.e. taking into account the material
absorption, leads to a substantial weakening of the whispering gallery modes and their influence on the
light focusing.

2. Analysis of whispering gallery modes

In our previous paper [19, 20] the method was shown which allows to achieve focusing of TE-
polarized radiation in a region that is more than two times smaller than the diffraction limit in the two-
dimensional case (the focus full width at the half maximum of the intensity was FWHM = 0.44 ).
This result can be obtained only when the radius of the cylinder is in a certain relation to the
wavelength. The 30-th resonant mode excited by irradiation with monochromatic light in the cylinder
with the refractive index n = 1.5875 (refractive index of the external medium n=1) is amplified if the
ratio between the radius of the cylinder and the wavelength is R =3.4745041 A (the width of the
resonance was equal to AR = 3.4x10°). The value of this ratio can be obtained with an arbitrary
accuracy by using approximate formula [2] or an optimization algorithm. If this relationship is
satisfied, alternating maxima and intensity minima are formed on the cylinder boundary. An isolated
maximum on the optical axis at the shadow side of the cylinder can be interpreted as a focal spot
generated by the cylinder. The values of FWHMs (the focus full widths at the half maximum of the
intensity in the direction perpendicular to the light propagation direction) of 25th — 65th modes were
calculated in terms of the wavelength A up to the third decimal place (figure 1). The intensity is
calculated as the squared modulus of the amplitude of the electric field strength. Figure 1 shows three
curves obtained for three different values of polyester refractive indices: n=1.5875 (for the
wavelength of the helium-neon laser A = 632,8 nm), n = 1.6010 (for the the wavelength of the argon
laser L = 514 nm), and n = 1.6117 (for the wavelength of the argon laser A = 488 nm) [21].

It is should be noticed that all the values of the FWHM are obtained using our analytical solution of
the problem of a plane monochromatic TE-wave diffraction by a homogeneous dielectric cylinder.
Firstly, it can be seen from figure 1 that the minimal size of the focal spot is equal to (0.155 + 0.001)A.
This value can be achieved while focusing the 60-th mode (n = 1.5875) by the cylinder with radius of
R = 6.63186178877 . (4R = 4.0x10™°1). Secondly, the resonant mode with number m =60 is of
interest itself since for this mode the focal spot at the boundary of our cylinder has the minimal size. In
figure 1, we see that the curve of FWHM has a sharp local minimum. The two-dimensional
distribution of the intensity near the focus for this mode (m = 60) is shown in figure 2. It can be seen
that there are three additional spots near a small central spot (the left vertical white line segment)
generated at the boundary of the cylinder. One of them is the photonic nanojet and two other spots are
lobes formed as a result of interference of the transmitted light and the mode generated in the cylinder.
The intensity of the central maximum is 50 times intensity of the incident light. However, the intensity
of the neighbouring lobes exceeds the intensity of the incident light only twice (figure 3a). The
intensity in the photonic nanojet maximum (the right vertical white line segment) more than 2 times
less incident intensity (figure 3b).

The photonic nanojet is the region of the second focus on the optical axis. Its maximum is formed
at the distance of 0.87 A from the surface of the cylinder and its width and depth are equal to 0.44 A
and 2 A respectively.
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Figure 1. Dependence of the transverse FWHM Figure 2. Two-dimensional negative
of focal spot on the excited in the cylinder mode distribution of light intensity near cylinder
number. inside of which 60-th whispering gallery

mode is generated.

Some points are omitted in figure 1. The reason is that a focal spot at the boundary of the cylinder
is generated not for the all resonances. For example, figure 4b shows the distribution of intensity of the
62-th mode in polyester cylinder with n = 1.6117, R = 6.7391161 A, 4R = 2x10™*' A. In this resonance
case, there is no focus at the surface on the optical axis (the left white dashed line in figure 4b). This
fact suggests that not all modes with numbers greater than 50 are stable, i.e. not all modes are held
within the cylinder as well as, for example, the mode with the number 30 presented in figure 4a. First
of all it is indicated by a lower value of the maximal intensity at the boundary of the cylinder. Indeed,
the intensity in the lobes of the mode is much less than the intensity of the mode in figure 4a. It is
comparable with the intensity in the photonic nanojet (the right dashed vertical white line in
figure 4b).
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Figure 3. Distribution of intensity from centre of symmetry perpendicular to optical axis in cross-
section at the boundary of cylinder (a) and at distance of 0.86 A from its surface (b).

3. Influence of absorption on resonant focusing

In the previous sections, the intensities used to define the FWHM were calculated for ideal non-
absorbing materials. In our analytical solution, absorption can be taken into account to find out how it
affects the resonances. In addition, the minimal size of the focal spot which can be obtained in
materials with real absorption coefficient can be defined.

Unfortunately, there are only few works concerned with the absorption of polyester. We can
mention the paper [22] where the authors investigated optical properties of polyester in infrared region
and the paper [23] concerned with measuring of the imaginary part of the polyester refractive index
covering the range from visible to X-ray. Only estimation of the upper boundary of the absorption
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coefficient (the imaginary part of the complex refractive index) can be got from this papers.
Approximately, it is equal to 1.0x10° — 2.5x107, In paper [24] optical properties of thin films from the
iodine-doped polyester and from pure polyester are compared. We are interested in the wavelength
632.54 r;m of the helium-neon laser for which the imaginary part of the refractive index is 1.1x107 -
1.2x10™.
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Figure 4. Two-dimensional negative distributions of light intensity near boundaries of cylinders inside
of which 30-th (a) and 62-th (b) whispering gallery modes are generated.

The absorption coefficient can be reduced significantly using the doped material. In paper [25] the
parameters of polyester irradiated by ions Ar++ and H+ in the visible light spectrum is presented. At
the wavelength of the helium-neon laser, the imaginary part of the refractive index reaches the value
k = 2.73x10™" after irradiating by ions H+ with the energy 200 keV (the minimal concentration). When
EE)olyester was irradiated by ions Ar++ with the energy 400 keV the absorption coefficient k = 2.54x10

is obtained.

The dependences of the maximal intensities inside the focal spot on k was calculated to estimate
the influence of material absorption on the focal spot size and to define the conditions of resonant
mode generation. The results are presented in figures 5 and 6 for the 60-th and the 30-th modes,
respectively.'
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Figure 5. Maximal intensity on optical axis at
boundary of cylinder in which 60-th mode is
excited: the inserts show the dependence of the
mode coefficient in expansion on cylindrical
functions near the resonance value for different
values of the refractive index from top to
bottom: k = 0, k = 0.5x10°", k = 10™, k = 10°®,
k = 2.5x10°®, respectively.

Figure 6. Maximal intensity on optical axis at
boundary of cylinder in which 30-th mode is
excited: the inserts show the dependence of the
mode coefficient in expansion on cylindrical
functions near the resonance value for different
values of the refractive index from top to
bottom: k = 0, k = 10% k = 5x10°
respectively.
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It can be seen from figure 5 that it is impossible to get the distribution of intensity as in figure 2
while the absorption coefficient is close to its value for polyester. Even when k = 2.5x10° the intensity
in the focus at the boundary of the cylinder falls by an order of magnitude. There is no focal spot for
the larger values of the absorption coefficient because the difference between the first order
interference minimum and maximum becomes hardly distinguishable. The resonance itself remains in
the presence of absorption, but it is much worse. It can be seen from inserts of figure 5 and figure 6
that the maximum of the coefficient in the expansion by modes does not shift, however it decreases by
five orders of magnitude for the 60-th mode even when k = 10°®. Thus a focus could not be obtained
for the 60-th mode even using specific materials discussed above. The mode with the number 30 can
be obtained with the value of the absorption coefficient up to k = 1x10®° and the minimal focus size
FWHM = 0.18 is obtained for the absorption coefficient k =2.73x107. Figure 7 shows the
dependence of FWHM (mode number 30) on the absorption coefficient. It can be seen from this figure
that FWHM increases with increasing of the material absorption.

Due to absorption, mode becomes less stable inside the cylinder and “flow away” from it quicker.
However, this does not always lead to increasing of FWHM of focal spot at the cylinder boundary.
Figure 8 shows the dependence of the transverse size of the focal spot on the mode number for
analogous parameters as at figure 1 and k = 2.73x10™. It can be seen from figure 10 that increasing of
absorption leads to substantial decreasing of FWHM of focal spot at the cylinder boundary for
numbers of the modes larger than 40. As an example, the distribution of the intensity of the 48-th is
shown in figure 8. The size of the only slightly protruding maximum of the intensity on the optical
axis at the boundary of cylinder is FWHM = 0.138 A. It worth to be mentioned that the distribution of
the intensity almost coincide with the one presented on figure 2, however figure 2 corresponds to the
case of zero absorption.
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Figure 7. Maximal intensity on optical axis at Figure 8. The value of FWHM as function of
boundary of cylinder in which 60-th mode is generated mode number for k = 2.73x107.

excited: the inserts show the dependence of the
mode coefficient in expansion on cylindrical
functions near the resonance value for different
values of the refractive index from top to
bottom: k = 0, k = 0.5x10™", k = 10™, k = 107,
k = 2.5x10°®, respectively.

4. Conclusion

In the present paper, we numerically calculated with high accuracy the minimal size of the focal spot
in the case of plane TE-polarized waves diffracted by homogeneous ideal cylinders from polyester
with resonant radii. In this case the FWHM of focal spot is equal to (0.155 £ 0.001)A . Absorption
from one hand prevents sharp focusing of the light but from the other hand it allows us to obtain
smaller sizes of the focal spot. For example, the focal spot with FWHM = 0.138A is formed in the case
of 48-th resonance mode generated in the cylinder from polyester with refractive index as
n+ ik = 1.5875 + 2.73x10”i. Our results can form the basis for developing new optical elements for
optical tweezers [26, 27], ultra-sensitive sensors [16], and systems of optical recording and storage of
information [28].
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