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Abstract. The mechanism of formation of a terahertz jet by a dielectric cuboid and a sphere
surrounded by ideally conducting screens is considered. The maximum screen influence is
observed when the screen is located near the alight cuboid base. The screen influence eases
when the screen is shifting along the dielectric object. Power flux density localization area
is almost completely shifted inside the object when the screen is situated in the center. The
minimum influence is observed when screen placed in the shadow plane of the cuboid base.
This effect caused by the screen influence on electric field component tangential to the side
edges and thus on the power flux directed to the central axis of the object. The screen influence
on the terahertz jet in spherical object has been compared. Value of the power flux density after
passing the object is higher in a cuboid, but the focusing characteristics are better (appearing on
shorter distances) in a sphere. © 2020 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL:
10.1117/1.0E.60.8.082004]
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1 Introduction

The problem of application of dielectric particles for lenses has long history. Presumably, such
particles were first used in Antony van Leeuwenhoek’s microscope on the eve of 1668." In that
case, a spherical particle was clamped in a special metal holder. Fundamentally, similar design is
still used in the so-called nanoscopes based on spherical particles,”” implementing the effect of
the so-called photonic jet (PJ). However, no in-depth studies of the influence of the metal holder
on the capability of a dielectric mesosize particle to form a local area of the electromagnetic field
have been performed.

To date, many works have been published on the PJ effect. The authors of these works assert
that the formation of areas of electromagnetic field concentration with size less than the classical
diffraction limit is inherent in dielectric objects of different shapes and their sets.®™

The localization areas parameters and the possibility of their control were studied both for
homogeneous particles and for particles with a refractive index gradient as well as a multilayer
structure.'*!!

In addition to a consideration of isolated particles, cases when the PJ was formed in the
presence of other objects have also been investigated. Microspheres with concentric conductive
rings were studied in Ref. 12. In Ref. 13, the particle forming PJ represented the open end of the
waveguide formed by plane-parallel metal guides. In Ref. 14, a spheroid was built in an optical
fiber. In Ref. 15, a metal screen was used to screen partly the plane of a dielectric cuboid
(parallelepiped) irradiated by an incident wave that led to anomalous apodization effect.
Two dielectric bodies were investigated in Ref. 16. The focusing properties of dielectric particles
in the reflection mode were investigated in Refs. 17—19 in the presence of a metallic screen and in
Ref. 20 in the presence of a dielectric screen. The solution of these problems made it possible to
establish new effects in those areas where focusing of the electromagnetic beam is important.?! >
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The practical application of the PJ effect involves the embedding of particles into a certain
structure or waveguide path, as, for example, in Refs. 13 and 14. Typically, paths for optical and
terahertz radiation are open or fiber optic (dielectric) channels. At the same time, for microwaves,
the waveguide systems are mainly metal. Also, dielectric particles built in resonant metal struc-
tures can be used.”*?° In all cases, it is necessary to study the effect of metal shields tightly
covering a dielectric object on the features of PJ formation and its basic properties.

This work is aimed at elucidation of PJ formation mechanisms in the presence of a metal
screen whose plane is parallel to the incident wave front and encompasses the dielectric object
without gaps. The PJ formation by this object without screen was studied in a number of works
(for example, see Ref. 27). This problem is important, for example, for systems of radiation input
in and output from an open resonator. In this work, modeling was performed using the com-
mercial software product CST Studio®. Taking into account the weak frequency dependence of
the properties of metallic and most dielectric structures in the examined spectral range, the elec-
tric object sizes can be chosen fairly arbitrarily, so the problem can be scaled to the required
optical, gigahertz, or terahertz frequencies.

2 Methodology

When the particle shaped as a cuboid is considered, it is suggested that the screen can be moved
along the large side of the cuboid. Modeling of the plane wave incident on the dielectric cuboid
surrounded by a metal perfectly conductive screen showed that its influence on the electromag-
netic localization area in the near field (PJ) depends significantly on the mutual position of the
screen and the dielectric object. Areas of strong influence of the screen leading to destruction of
the field localization effect outside of the object are observed together with areas of practical
absence of the screen influence on the PJ (or terahertz jet here) formation.

The incidence of the plane wave with frequency of 100 GHz (14, = 3 mm) on a dielectric
cuboid surrounded by a metal screen (Fig. 1) was considered. Calculations were performed with
the following scaling parameters.

The cuboid base sides were a = 3 mm (4, their coordinates were —a/2 < x < a/2 and
—a/2 <y < a/2), and the larger side was 3.6 mm (1.24,, coordinate O < z < b). The wave was
incident from positive direction of the z axis, and the electric field vector was directed along the y
axis. The relative dielectric permittivity of the material was &’ /ey = 2.13, and the losses were
absent: &'’ /ey = 0. The perfectly conductive screen was a square with side of 20 mm. These
values were sufficient in order that to neglect the influence of diffraction on its edges. The screen
thickness was d = 0.2 mm (4q/15).

As the key parameters characterizing the PJ, the full widths at half maximum (FWHM), that
is, the widths of the jet at a level of half maximum of the jet power density in the corresponding z
planes in the directions of the electric field polarization (y) and orthogonal to it (x) were used.
The cubic particle (cuboid) formed almost circular localization area with FWHMx =
FWHMYy = 0.44), for the above-indicated parameters.*®

Results of calculations of the FWHM parameters are given in Table 1 for the screen moving
along the object (L = b —d, L = b/2 —d/2, and L = 0) and displaced by half the wavelength
beyond the object limits with the rectangular aperture equal to the cuboid base area (L = —1,/4
and L = —1y/2) remaining unchanged.
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Fig. 1 (a) Incidence of the plane wave on the dielectric cuboid and (b) the screen placed at the
distance L from the rare wall.
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Table 1 FWHM in the z = 0 plane for different screen locations.

Screen location, L w/oscreen L=b-d L=b/2-d/2 L=0 L=-}/4 L=-4/2

z=0 FWHMx 0.447, >lo 0.56, 043},  0.444, 0.414,

FWHMy 0.442, > 0.517 043},  0.431, 0.45/,

As shown in Table 1, the strongest influence of the screen is observed when it is located at the
cuboid base nearest to the incident wave. As the screen moves toward the far dielectric object
base, its influence weakens and reaches a minimum when the screen is in the plane of the far
cuboid base. This result confirms the fact that the localization area is formed by the lateral cuboid
sides,”® unlike the spherical particle where the PJ formation is caused by refraction.

From the results presented above, we can conclude that inside the object areas with electric
field component tangential to the upper and lower sides [E_, Fig. 2(a)] can be observed. The field
amplitude in these areas increases in the direction of wave propagation. It is also in phase with
the magnetic field component [H ., Fig. 2(b)] in these areas. As a result, the component of the
power flow [P, ~ E H,, Fig. 2(c)] directed toward the z axis (in the negative direction of the y
axis in the upper half of the object where it is depicted by dark blue color and in the positive
direction in the lower half of the object where it is depicted by red color) that leads to the locali-
zation of power flow density along the wave propagation direction [P, Fig. 2(d)] and moving the
area outside the object. Since all models are constructed for a plane incident wave directed
toward the negative values of the z axis, the P, component at its maximum will have a minus
sign (depicted by dark blue color).

In the presence of a perfectly conducting screen, the field component at the place of its con-
tact with the dielectric disappears, and a reflected wave appears. The example with the screen
placed in the cuboid center is shown in Fig. 3. As a result of reflection, the amplitude of the
tangential electric field component increases in the direction opposite to that of wave propaga-
tion and weakens in the direction of wave propagation [Fig. 3(a)].

At the same time, the distribution of the magnetic field component H, [Fig. 3(b)] also
changes, which leads to the formation of the power flow density components directed toward
the z axis in front of the screen [P,, Fig. 3(c)] and to the displacement of the power flow density
concentration area in the direction of wave propagation inside the object [P,, Fig. 3(d)].

(b)

(d)

Fig. 2 Distribution of the field components: (a) E, and (b) H,, and components of the power flow
density vector (c) Py, and (d) P, in the plane x = 0. The screen is absent.
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(d)

Fig. 3 Distribution the field components: (a) E, and (b) H,, and components of the power flow
density vector (c) P, and (d) P, in the plane x = 0. The screen is located in the cuboid center
(L=b/2-d/2).

Table 2 gives results of calculations in the planes at distances z = —0.14y and z = —0.24,
from the shadowed cuboid side when the screen is placed outside of the object.

In these cases, the screen influences insignificantly on the fields inside of the object, and the
PJ is formed approximately in the same conditions as without the screen. Only a small defor-
mation (broadening) of the field localization areas within the limits of 10% of FWHM change is
observed. When the screen is placed at a distance of half the wavelength, a small decrease of the
cross sectional PJ area is observed at the distance 0.24, from the dielectric plane in comparison
with the screen absence (the effect of stretching of the area for which FWHM < 4y/2).

As a whole, modeling has also shown that the processes of PJ formation in the direction
orthogonal to the electric field polarization direction occur analogously.

Also, the comparison of the results obtained with a shield around a dielectric sphere is inter-
esting. Figure 4 shows the distribution of the component of the electric field (E,), magnetic field
(H,), and of the components of the power flow density vector (P, P,).

As in the case with the cuboid, the presence of the screen leads to the formation of the
reflected wave and redistribution of the longitudinal electric field component (E,) (decrease
of the maxima in the direction of wave propagation) as well as to the change of the distribution
of the magnetic field component (H,). Because of this, the maxima of the components of the
power flow density vector, which forms jet in the direction of wave propagation are displaced
toward the screen, and the concentration area shifts into the object.

In addition, in the presence of a screen inside the particle [Fig. 4(c)], two maxima of the
power flux density appear (yellow at the top and blue at the bottom), which lead to the

Table 2 FWHM in planes z = —-0.14¢ and z = —-0.24, for different screen locations.

Screen location, L w/o screen L=0 L=-1/4 L=-1/2
z=-0.11 FWHMx 0.442, 0.481, 0.481, 0.44
FWHMy 0.461, 0.45, 0.442, 0.461
z=-0.2) FWHMx 0.5119 0.522¢ 0.4949 0.47
FWHMy 0.5119 0.484 0.501¢ 0.472
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(b)

(d

Fig. 4 Distribution the field components: (a) E, and (b) H,, and the components of the power flow
density vector: (c) P, and (d) P, in the plane x = 0.

divergence of the wave. For a free particle, the direction of the power flux inside it (P,) is such
that focusing occurs.”’-?

Here, unlike the cuboid, focusing is observed at smaller distances due to the surface curvature
of the sphere.

Figure 5 shows the plots of the power flow density distribution in the shadowed
plane (z = 0).

The results obtained indicate that in the presence of a screen, the power flux density after
passing the object is higher for a cuboid; at the same time, the focusing properties of the sphere
are better.

Let us briefly consider two main applications of these effects. The case in which the cuboid
length was halved was also considered; in this case, the screen located in the center of the object
was displaced toward its shadowed plane. Here, the field localization area was outside of the
object (Fig. 6).

The calculated values of its parameters were FWHMx = 0.474, and FWHMy = 0.494,,.
Thus, the given object allows the PJ to be formed; moreover, the PJ sizes were also halved
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Fig. 5 Distribution of the power flow density P, in (a) the shadowed plane (z = 0) in the orthogonal
direction and (b) in the direction of the electric field vector polarization for the sphere and the cuboid
surrounded by the screen in comparison with the distributions for the cuboid without screen.

Fig. 6 Area of localization

of the power flow density for the cuboid whose size was halved with

preservation of the metal screen.

compared to those for the

initial cuboid. The power flow density in the localization area was

much less than for the full-size object without screen due to the occurrence of the reflected wave.
Another interesting possibility of controlling the form of radiation localization is the asym-
metric control of the tangential component of the energy flux inside the cube. In this regard, we
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Fig. 7 (a) Power flux density distribution in the x = 0 plane. (b) Displacement from the axis 0Z of
the maximum power flux density depending on the distance to the shadow surface of the cuboid.

can talk about a new method of forming the so-called photonic hook.?**! Since in this example,
shown in Fig. 7, the metal screen completely covers only the upper face of the cubic particle, the
power flow shifts toward the upper face. Moreover, for the accepted particle parameters and
screen sizes, the minimum value of the beam width is about FWHM ~ 0.64. As a result, the
region of the field localization outside the particle is curved, which opens up the possibility
of the formation of specified configurations of localized fields. But this is the task of future
research.

3 Conclusion

Thus, the dielectric particles shaped as a cuboid forming the PJ can be built in metal screens by
placing these screens in the plane of the object furthest in the direction of wave incidence or
behind this plane. For the sphere, the presence of the metal screen tangential to its surface in the
central cross section will displace the power flow density localization area inside of this sphere,
which demonstrates impossibility of embedding of spherical particles into microwave metal
structures with retention of the PJ outside of the object.

The cuboid with the screen located in its shadowed side whose length is half that of the initial
object without screen can also be used to obtain the power flow density localization area with
aperture smaller than Ay/2. Control the tangential electric field component by metal screen
allows to deflect the PJ.

Results of this work can be used to design objects forming electromagnetic field localization
area of the PJ type in the directing, reflecting, bending, and resonant elements of optical type in
such devices, as systems of near-field microscopy (local diagnostics of materials and objects),
sensors, etc.
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