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The shift of an image of a dielectric sphere asymmetrically irradiated by a terahertz Gaussian beam in tera-
hertz imaging systems has been demonstrated experimentally. Numerical calculations using the operator
scattering theory have shown the bending of the localization region of the electromagnetic field near the
shadow surface of the dielectric sphere when it is shifted with respect to the waist center of the Gaussian
beam, leading to the formation of the so-called “photonic hook” with the properties depending on the polar-
ization and frequency of the incident radiation. The possibility of reaching a spatial resolution of 0.38\ in the
studied range has been shown experimentally. The obtained results can be used to increase the resolution of

commercial scanning terahertz systems.
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INTRODUCTION

Significant progress has been achieved in the recent
two decades in the utilization and incorporation of the
terahetz frequency range of 0.1—10-THz (wavelength
A from 3 to 30 mm). In particular, terahertz radiation,
which was first obtained experimentally in the 1920s
[1], iswidely applied in medicine, nondestructive test-
ing, safety systems [2], and the development of 5G and
6G communication and high-speed data transmission
tools [3—5]. Due to a low photon energy (1 THz cor-
responds to an energy of about 4 meV), terahertz waves
demonstrate nonionizing interactions with matter,
freely pass through nonpolar dielectrics, and are
strongly absorbed by metals and polar dielectrics [6].
Furthermore, low-energy resonances of many com-
plex organic molecules, as well as vibrational and rota-
tional spectra of polymers, are in the terahertz range
[7—9], which opens wide prospects for the further
development of remote scanning, imaging, and spec-
troscopy technologies [10].

The spatial resolution of most of the modern tera-
hertz scanning systems is limited by the diffraction
limit depending both on the working wavelength and
on the overall implementation of the system. In prac-
tice, the generated terahertz radiation is usually
focused on a sample using polymeric convex lenses or

off-axis metal-coated parabolic mirrors [11]. The lat-
ter are particularly interesting because they introduce
minimal losses, and the off-axis geometry ensures the
maximum possible focal length and the absence of
ambient illumination [12]. However, it is noteworthy
that the numerical aperture (NA) of the standard opti-
cal systems is usually less than 0.5 [6, 13]. As a result,
the spatial resolution of such optical systems is compa-
rable with the wavelength A, which is 300 wm at a fre-
quency of 1 THz, and thereby restricts their capabili-
ties for the analyzing of objects with small transverse
dimensions and spatially inhomogeneous materials.

As shown in [14—17], one of the efficient
approaches to significantly increase the spatial resolu-
tion of existing terahertz systems is the localization of
the electromagnetic field near the surface of the sam-
ple due to the interaction of the incident radiation with
dielectric objects having dimensions from 2A to 20A.
Diffraction on such dielectric particles results in the
formation of extended regions of a high intensity,
known as “photonic jets” in optics or “terajets” in the
terahertz range, near the shadow surface of these
dielectric particles [18]. In particular, the authors of
[19—21] showed that the minimum width of the beam
in the waist region of the photonic jet for dissipation-
less mesoparticles (sometimes called the “superlens”)
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Fig. 1. (Color online) (a, b) Optical scheme and the top view of the time-resolved terahertz spectrometer T-Spec (EKSPLA, Vil-
nius, Lithuania). (c) Image of the three-coordinate linear translator used for the precise positioning of the dielectric sphere rela-
tive to the terahertz beam and the sample surface. (d) Magnified image of the camera monitor used to visually monitor the sphere
position with respect to the sample. (e, f) Iris diaphragm with the dielectric sphere in the center.

can reach ~A/3, which significantly higher than the
spatial resolution of “classical” diffraction-limited
terahertz systems.

It is worth noting that the parameters of both the
photonic jet and terajet are sensitive to the dimensions
and shape of a particle, its structural composition,
dielectric properties, and the properties of the envi-
ronment [22, 23]. In [24], we experimentally demon-
strated for the first time the correlation between the
terahertz spectrum transmitted through the dielectric
sphere and the quality of images obtained at different
frequencies. In particular, considering the scattering
of the terahertz Gaussian beam on a Teflon sphere
with the diameter comparable to the waist radius, we
showed that images with the maximum contrast are
observed near the minimum in the sphere transmis-
sion spectrum. In this context, the effect of shifting of
the dielectric sphere from the center of the terahertz
beam on the quality of recorded images becomes prac-
tically important. To the best of our knowledge, this
effect has not yet been studied. In this work, we fill this
gap by analyzing the effect of the breaking of the axial
symmetry of the system with respect to the axis of the
spherical superlens on the quality and structure of the
recorded terahertz images.

EXPERIMENT

The scheme of the experimental setup, based on
a T-Spec time-resolved terahertz spectrometer
(EKSPLA, Vilnius, Lithuania), is shown in Fig. 1a. A
femtosecond laser generating optical pulses with a
wavelength of 1064 nm, a duration of 145 fs, and an
output power of 85 mJ was used as a source of optical
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radiation. The main pulse of the linearly polarized
laser radiation was separated by a beam splitter BS1
into two beams (55:45). The first beam was used to
generate the terahertz radiation (lens L1 focused the
incident beam on an emitter), while the second beam
was used to detect the amplitude and phase of the
transmitted signal (Iens L2 focused the pump radiation
on a detector). The system included fast and slow
delay lines. The fast line allowed us to collect data in
real time at a rate of about ten spectra per second. The
additional slow delay line expands the scanning win-
dow from 110 to 220 ps. Photoconductive antennas
based on low-temperature grown GaAs semiconduc-
tor structures served as the emitter and detector of ter-
ahertz waves. The generated linearly polarized tera-
hertz radiation with the electromagnetic field distribu-
tion in the cross section well approximated by a
Gaussian allows scanning in the frequency range of
0.1-1 THz.

Subpicosecond terahertz pulses were focused on
the sample by two off-axis parabolic mirrors M4 and
MS5. To move the sample in the (x, y) plane perpendic-
ular to the optical axis of the incident beam and to
record the time spectrum at each point (mapping of
the sample), the system involved two crossed motor-
ized translation stages (see Fig. 1a), which were con-
trolled by specially developed software. To improve
the signal-to-noise ratio, additional averaging over
eight measurements was performed at each scanning
point. A signal was transformed from the time to the
frequency domain using fast Fourier transform algo-
rithms. The transmission spectrum detected in the
experiment is treated as the ratio of the signal intensity
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with the sample to the signal intensity without the
sample.

The aperture of the terahertz beam in the focal
plane of parabolic mirrors M4 and M5 was estimated
using a method described in detail in [25]. In particu-
lar, the analysis of the transmitted signal intensity as a
function of the position of a thin metallic diaphragm
with respect to the center of the beam and its polariza-
tion indicates that the average diameter of the beam in
the waist region decreases with increasing frequency
and ranges from 2.3 mm to 1.5 mm in the frequency
range of 0.2—1 THz. The asymmetry of the beam in
the (x, y) plane depends on the frequency and does not
exceed 10%.

To improve the quality of the recorded terahertz
image due to effects associated with the formation of
highly localized regions (terajets), a polytetrafluoro-
ethylene (PTFE) sphere with a diameter of d ~ 2.3 mm
was placed immediately near the surface of the sample
(see Figs. 1d and le). In our experiments, the spherical
shape of a focusing particle was chosen due to the sim-
plicity of its fabrication. The geometry and surface
quality of the spherical particle were controlled using
optical methods (an Olympus BX 43 optical micro-
scope equipped with 100x and 5% objectives). We
neglected the effects caused by the additional scatter-
ing of terahertz radiation due to surface roughness, as
the measured surface roughness was no more than
15-30 wum [26]. The accurate positioning of the
dielectric sphere with respect to the surface of the
sample and to the center of the waist of the focusing
parabolic mirrors was performed using a three-coordi-
nate linear translator (see Fig. 1c) equipped with
micrometer screws (the minimum displacement step
was 10 um). A 632-nm laser was used to accurately
localize the sphere in the center of an iris diaphragm
(maximum aperture of 15 mm) used as a sample
holder (see Figs. le and 1f).

In our experiments, the terahertz pulse propagated
through the dielectric sphere immediately before the
interaction with the sample. The signal transmitted
through the system was detected in the far-field region
(the distance from the sphere to the detector is 7> )
[27].

To quantitatively estimate the effect of the addi-
tional focusing particle on the spatial resolution of the
scanning system, we used a test sample consisting of
alternating transparent and opaque converging circu-
lar sections (see Fig. 2a, the outer diameter is 3 mm)
deposited on a 0.5-mm-thick SiO, plate by photoli-
thography (MLA100, Heidelberg Instruments Miko-
technik, Germany). This pattern, commonly known
as the Siemens star [28], is widely used to estimate the
spatial resolution of optical systems in a wide fre-
quency range [29—31].

PADDUBSKAYA et al.

RESULTS AND DISCUSSION

Figure 2 presents terahertz images of the metallic
structure on the SiO, substrate obtained (b) without
and (c, d) with the PTFE sphere in the beam. It is seen
that the dielectric particle significantly improves the
spatial resolution of the system as a whole. The stan-
dard approach to estimate the resolution using the
selected test sample involves analyzing the in the cen-
tral part of the image (see Fig. 2¢). The spatial resolu-
tion of the system significantly depends on the fre-
quency of the incident electromagnetic radiation. The
black line in Fig. 2e is the experimentally evaluated
frequency dependence of the spatial resolution of the
terahertz spectrometer matched to the PTFE sphere as
the focusing particle. The analysis of this dependence
shows that the minimum resolution corresponds to a
frequency of 0.5 THz and was about 0.38A, which is
close to the theoretical limit 0.33A [20].

As mentioned above, the position of the dielectric
sphere with respect to the center of the waist of the ter-
ahertz beam is an important practical factor that
affects the main characteristics of the terajet and, con-
sequently, the quality of the resulting image. In this
work, to simulate the scattering of the electromagnetic
wave on the spherical particle, we used the model of
the linearly polarized Gaussian beam whose electric
field in the paraxial approximation can be represented
in the form

2 2
E=A2Lexp(ikoz—2p—j. (1)
wy + 2iz/k, w,y + 2iz/k,

Here, p is the polar coordinate in the cross section of
the beam; z is the longitudinal coordinate; A is the
field at the point (p =0, z=0); k, = 21 f/c is the wave
vector in vacuum, where f is the frequency and c is
the speed of light in vacuum; and w is the waist radius
of the Gaussian beam.

We considered the scattering of a terahertz wave
whose electric field is given by Eq. (1) on the dielectric
sphere. The origin of the Cartesian coordinate system
was chosen in the center of the sphere. The scattered
field was calculated using the so-called operator the-
ory, which was first proposed in [32] and was success-
fully applied to study optical forces acting on homoge-
neous [33] and inhomogeneous particles [34]. This
theory is based on the symmetry of the scattering
object, which allows Maxwell’s equations to be
reduced to the system of ordinary differential equa-
tions for the corresponding electric and magnetic
fields whose fundamental solution can be represented
in the form of the product of the evolution operator
(four-dimensional matrix) and the four-dimensional
tangential field vector at the initial point. The applica-
tion of boundary conditions allows the calculation of
the scattered field amplitude vector. It is noteworthy
that the considered approach is applicable for an arbi-
trary incident field.
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Fig. 2. (Color online) (a) Optical image of the test SiO, plate sample with a metallic structure on the surface (Siemens star).
(b, d) Terahertz images of the test structure at a frequency of 0.87 THz (b) without and (d) with the dielectric sphere in the beam.
(c) Terahertz image of the test structure with the dielectric sphere at a frequency 0.5 THz. The dimensions of the images are
4 x 4 mm?. Scanning step along the x and y axes was 102 um, and the distance between the surface of the sphere and the sample
was 200 um. (e) Frequency dependence of the chord length of the minimal circle plotted in the central part of images of the test

structure.

Figure 3 presents the field distribution near the sur-
face of the dielectric sphere exposed to the radiation
with the frequency f= 0.7 THz. In our simulations, we
used parameters that closely matched the experimen-
tal conditions: the waist radius of the terahertz Gauss-
ian beam was w, = 1.1 mm; the diameter and refractive
index of the sphere were d = 2.3 mm and n = 1.47,
respectively; and the refractive index of the environ-
ment was 1. The incident terahertz pulse propagated in
the positive z direction. The calculations were per-
formed for x- and y-polarized radiation. It is seen in

Figs. 3a—3fthat the region of a high intensity / ~ |E[,
i.e., terajet, is formed immediately behind the sphere
irradiated by the Gaussian beam whose diameter is
comparable to the diameter of the sphere 2w, = d).

JETP LETTERS Vol. 119 No.9 2024

The FWHM of the jet at the focus for the x- and
y-polarized wave is 0.70A and 0.56A, respectively. It is
worth noting that the achievement of the minimum-
diameter terajet is beyond the scope of this study and
our focus is solely to demonstrate the primary features
of the images obtained using such localized fields. The
analysis of the intensity distribution in the (x, y) plane,
perpendicular to the beam propagation direction
immediately near the surface of the sphere (z =
1.15 mm, the case 8z = 0 in Fig. 3g), clearly demon-
strates the asymmetry of the terajet with respect to the
polarization of the incident radiation [36]. It is worth
noting that this asymmetry becomes less pronounced
when the (x, y) plane is shifted along the z axis (see
Fig. 3g, the case 6z = 200 um).
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Fig. 3. (Color online) Distribution of the scattered field amplitude || in arbitrary units near the surface of the dielectric sphere
calculated at a frequency of 0.7 THz for (a, b) the dielectric sphere placed in the center of the terahertz beam and (c—f) the dielec-
tric sphere shifted by 800 um (~0.34d) along the x axis. Scattered field distribution in the (x, y) plane perpendicular to the prop-
agation direction of the incident electromagnetic wave at 8z = 0 and 200 um for the dielectric sphere (g) placed in the center of
the terahertz beam and (h, i) shifted by 800 wm along the x axis. All calculations were performed for two orthogonal polarization
direction of the incident electromagnetic wave. The discretization step along the vertical and horizontal axes was 54 um.

When the sphere was shifted from the waist center
by 8¢ppere» its surface was illuminated incompletely (the
violating the axial symmetry of the system, which leads
to the bending of the field localization region and to
the formation of the photonic hook [37]. Figures 3c—
3f present the field distribution of the incident tera-
hertz radiation with x and y linear polarizations. The
sphere was shifted in the x direction by 8,,e,e = 800 um
(~0.344d) in both cases. It is noteworthy that all distri-
butions in Fig. 3 are normalized to the maximum cal-
culated amplitude of the scattered field for the sphere
in the center of the beam 8., = 0. The presented dis-
tributions demonstrate two key points. First, the shift
of the sphere results in the bending of the terajet
towards the center of the particle, which is equivalent
to the corresponding shift of the terahertz beam and
should be manifested in the experiment as the shift of
the recorded image. Second, the maximum intensity
in the focus of the photonic hook for the system with
the shifted sphere decreases.

In [38], we have already demonstrated that the
photonic hook can be generated using a metal mask
screening a part of the wavefront of the electromag-
netic wave incident on a dielectric cylinder. Such an
additional screen in the system leads to the re-reflec-
tion of radiation and the redistribution of the scattered
field both inside the dielectric particle and near its sur-
face, which can enhance the field in the focus of the

photonic hook under certain conditions. However, as
shown in this work (data are not presented), such an
approach significantly worsens the quality of images
recorded at certain frequencies.

According to the profile of the photonic hook in
the (x, y) plane (see Figs. 3h and 3i), the shift O,
perpendicular to the polarization direction £ (y-polar-
ized wave in Fig. 3h) leads to the broadening of the
beam, which should affect the resolution of the scan-
ning system as a whole. The shift of the sphere in the
polarization direction (8per || £, x-polarized wave in
Fig. 3i) hardly results in the broadening of the beam.
Regardless of the polarization of the incident terahertz
radiation, the shift of the particle leads to the focus of
the scattered field in the z axis towards the surface of
the sphere and, as a result, to a decrease in the focusing
depth of the system as a whole (see Fig. 3).

To demonstrate the effects discussed above,
Figs. 4b and 4c present the experimentally recorded
images of the Siemens star for the shift 8 ..., = 800 um
of the PTFE sphere in the y and x directions parallel
and perpendicular to the polarization of the incident
beam, respectively. It is seen that the shift of the
dielectric sphere leads to the shift of the image, which
qualitatively agrees with the numerical calculations
and thus provides experimental evidence of the forma-
tion of the photonic hook near the surface of the
sphere. Figure 4d shows the dependences of the shift
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Fig. 4. (Color online) Images of the Siemens star on the SiO, substrate obtained using the PTFE sphere 2.3 mm in diameter

placed in the terahertz beam for (a) the dielectric sphere placed in the center of the waist of the terahertz Gaussian beam and (b,
c) the dielectric sphere shifted by 800 um (0.354) along the (b) y and (c) x axes with respect to the center of the waist of the tera-
hertz Gaussian beam. The dimensions of the images are 4 X 4 mm. Scanning step along the x and y axes was 102 um, and the
distance between the surface of the sphere and the sample was 200 pm. (d) Shift of the center of the Siemens star ;g versus

the shift of the PTFE sphere Sppere at three frequencies when the shift of the sphere Sgphere is (upper part) parallel and (lower
part) perpendicular to the electric field polarization E. The blue line is the linear dependence 8jmage = Ssphere-

Oimage Of the image of the center of the Siemens star in
two perpendicular directions on the shift of the sphere
Ophere- The analysis of these dependences indicates
that the shift of the sphere results in the proportional
shift of the image 0,0 ~ bOgpneres Where b # 1 in the
general case. The coefficient b should obviously
depend both on the position of the sample with
respect to the sphere (87 > d) and on the frequency of
the incident radiation f. The latter is due to the fre-
quency dependence of the focus position of the pho-
tonic jet (see [22, 24]).

The asymmetry of the image of the Siemens star
along the y axis, which is clearly seen in the central
region of the structure, aligns well with the total asym-
metry of the photonic hook considered above (see
Fig. 3) and can be used as a criterion of the location of
the test sample near the focus of such a dielectric lens.
The measured frequency dependences of the spatial
resolution for the cases of the shift .. = 400 um of
the sphere along the x and y axes are presented in
Fig. 2e by the red and blue lines, respectively. They
show that this shift of the focusing particles hardly
worsens the resolution of the scanning system as a
whole. However, one can observe that additional arti-
facts appear at Oy > 400 wm (~0.17d) (see Figs. 4d
and 4c), and their presence significantly reduces the
imaging contrast at certain frequencies.

JETP LETTERS No.9
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Figures 5a—5d present images of the test structure
recorded at frequency of 0.8 THz and with shifts
Sphere = () 0, (b) 200, (c) 600, and (d) 800 pm of the
PTFE sphere from the waist center of the terahertz
Gaussian beam along the x axis. The corresponding
numerically calculated field distributions are shown in
Figs. 5e¢ and 5f, where an additional low-intensity
beam propagating symmetrically with respect to the
center of the incident radiation (in our notation, the
waist center has the coordinate x = —0.8 mm and is
marked by the vertical dotted straight line in Fig. 5f) is
observed. This additional beam is due to the interfer-
ence of the scattered field and the part of the wavefront
of the incident terahertz wave that is not covered by the
particle. One can see that the experimental data pre-
sented in Fig. 5, collected using the near-field
enhancement technique with additional system asym-
metry due to sphere displacement, are in good agree-
ment with our numerical calculations. Vertical dotted
straight lines in Figs. 5a—5d correspond to the center
of the initial Gaussian beam, and two images are mir-
ror symmetric with respect to these lines.

CONCLUSIONS

This work continues the previous studies of the
practical possibility of using terajets to achieve a sub-
wavelength resolution in existing terahertz systems. In
particular, it has been shown that the displacement of
the focusing spherical particle from the center of the
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Fig. 5. (Color online) Images of the Siemens star at a frequency of 0.8 THz for the shifts Bsphere = (a) 0, (b) 200, (c) 600, and
(d) 800 wm along the x axis from the center of the waist of the terahertz Gaussian beam. The distance between the surface of the
sphere and the sample was 200 um. The dimensions of the images are 4 X 4 mm. Arrows mark images obtained using the terajet
and the beam part nonoverlapped by the spherical particle. (¢) Distribution of the scattered field amplitude near the surface of
the dielectric sphere calculated at a frequency of 0.8 THz. (f) Electric field distributions along the x axis at several z values. The
calculations were carried out with the diameter of the sphere d = 2.3 mm, the waist diameter of the Gaussian beam 2wy = 1.5 mm,

the shift of the sphere 6,
izontal and vertical axes, respectively.

Gaussian beam in the plane perpendicular to its prop-
agation direction results in the bending of the terajet
and in the formation of the photonic hook, which is
subsequently manifested in experimentally recorded
terahertz images. It is worth noting that the shift of the
image in the general case depends on the frequency.
The frequency dependences of the spatial resolution
indicate that the bending of the spatial shape of the

sphere = 800 Lm, the y-polarization of the field, and the discretization steps 120 and 56 Lm along the hor-

terajet hardly worsens the recorded images. However,
the existing extreme bending value determined by the
ratio of the diameter of the terahertz beam to the size
of the focusing particle limits the possibility of hyper-
spectral scanning using such a system because the
appearance of additional artifacts. Thus, it has been
experimentally demonstrated that, being relatively
simple to implement, the presented technique allows
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for a significant increase in the resolution of commer-
cial terahertz scanning systems, thereby extending
their application domain.
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