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Abstract.  It is shown that the image contrast in the air when using 
a microscope based on dielectric microparticles with a size of the 
order of wavelength can be significantly enhanced with the help 
microparticles that provide the formation of the radiation localisa-
tion region at an angle to the direction of radiation incidence (at an 
angle to the optical axis). For this purpose, a screen is placed in 
front of the particle, which blocks part of the incident beam, form-
ing a photonic hook or a photonic jet (terajet) with oblique illumina-
tion in the near field.

Keywords: photonic hook, photonic jet, terajet, oblique irradiation, 
image contrast.

Conventional  terahertz  (THz)  optical  microscopes  cannot 
resolve  two  objects  located  closer  than  0.5l/nNA  (l  is  the 
wavelength of incident radiation, NA is the numerical aper-
ture  of  the microscope,  and n  is  the  refractive  index  of  the 
immersion medium),  due  to  the Abbe  diffraction  limit.  To 
overcome  this  fundamental  limitation,  many  different 
approaches have been proposed  [1 – 3],  including an optical 
THz microscope  based  on microcavities  [4],  special mathe-
matical image processing [5, 6], THz tomography [7], holog-
raphy [8], the method of synthesised aperture [9, 10], and the 
use  of  structured  fields  [11,  12].  While  these  methods  can 
achieve subwavelength resolution, they require time-consum-
ing solutions to inverse problems. Systems implementing the 
principles of solid-state immersion in the THz range [13 – 16] 
and diffractive optics [17] are also promising.

In  2017,  we  demonstrated  a  method  for  increasing  the 
spatial resolution of THz imaging systems by simply placing a 
dielectric mesoscale (comparable to the wavelength) particle 
in the focal region of the optical system of a THz microscope 
[18].  Since  then,  ultra-high-resolution  THz  imaging  using 
dielectric microparticles has attracted considerable scientific 
interest due the simplicity of implementation and operation, 
as well as good compatibility with commercial microscopes. 
However,  the  superresolution  mechanism  underlying  such 
methods is quite complicated and, apparently, is a combina-
tion  of  various  effects:  photonic  nanojet  (terajet),  optical 
superresonances [19, 20], particle shape [21 – 23], illumination 
conditions and the substrate effect [24], which have been gen-

eralised  in  reviews,  for  example,  in  [25],  and  are  still  being 
investigated.

On the other hand, a well-known way to improve the reso-
lution and contrast of an optical image is to use circular illu-
mination [26, 27], although due to axial symmetry it does not 
give a strong pseudo-relief. In this case, oblique illumination 
of the object makes it possible to increase the optical image 
quality [28 – 30] by enhancing its contrast.

In this work, we propose the concept of a THz microscope 
combining these two approaches: the use of oblique illumina-
tion of an object by means of structured THz subwavelength 
fields in the near field in the form of a terajet and/or a photon 
hook  [31,  32].  The  key  task  for  the  implementation  of  this 
concept is to find the principle of constructing a particle that 
will  ensure  the  formation of  a  photonic  jet  in  the direction 
deviated from the direction of radiation incidence.

Mesoscale  dielectric  particles  can  generate  a  photonic 
hook due to their structural asymmetry [33], which is useful 
for  improving  contrast  and  image  quality.  The  results 
obtained will contribute to the further development of meth-
ods of quasi-optical THz microscopy based on microparticles 
and  facilitate  their application  in various  fields –  from bio-
technology to nondestructive testing and life sciences.

With  oblique  illumination,  the  lens  aperture  is  nonuni-
formly  illuminated,  which  leads  to  a  shadow  image  with 
enhanced  resolution  [28,  29]. To obtain  such a nonuniform 
illumination, Abbe and Roy [34] proposed to move the con-
denser diaphragm to the side and thereby actually use a nar-
row axial illuminating beam instead of a wide one. Today, as 
such beams,  it  is  advisable  to use  either photonic hooks or 
photonic jets (terajets) [31, 32] formed at an angle to the direc-
tion of  radiation  incidence on  them  (Fig.  1).  In  the  case of 
axial formation of a photonic jet, the radiation is incident on 
the sample, and the diffracted –1st and + 1st orders are out-
side the particle boundary (Fig. 1a), while oblique irradiation 
leads to the fact that the diffracted +1st order is incident on a 
particle (Fig. 1b); as a result, this allows increasing the image 
contrast [30].

In work [33], one of the simplest methods of generating a 
photonic hook using a dielectric spherical or cylindrical par-
ticle was  proposed,  when  part  of  the  radiation  incident  on 
such  a  particle  is  shielded  by  an  absorbing  or metal  screen 
installed in front of it. If the illuminating beam’s width is less 
than the particle diameter, both components of the wave vec-
tor  (parallel  and  perpendicular)  do  not  compensate  each 
other due to local destructive interference [33]. As a result, a 
photonic hook with a curvature proportional  to the magni-
tude of the screened part of incident radiation is formed in the 
vicinity of  the  shadow part  of  the particle.  In other words, 
only one part of the optical beam inside the microparticle is 
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refracted on its rear surface, as a result of which a curvilinear 
focusing zone – a photonic hook – is formed near the shadow 
surface of the microparticle.

Without reducing the generality of the problem, we briefly 
consider  the  formation  of  localised  fields  near  the  shadow 
surface of cylindrical and semi-cylindrical dielectric particles 
in the air, when a linearly polarised wave with a plane phase 
front  is  incident.  The  problem  was  simulated  within  the 
framework of the numerical solution of the wave equation for 
field vectors with the finite element method (FEM) using the 
Comsol Multiphysics program package. The  incident plane 
wave  had  an  initial  amplitude  of  1  V m–1  and  propagated 
from left to right (Fig. 2). The minimum size of a triangular 
computational cell was l/(25n), where l is the wavelength of 
the radiation incident on the particle, and n is the refractive 
index of the particle material. In order to implement free radi-
ation conditions at the outer boundaries of the computational 

domain,  a  system  of  perfectly  matched  layers  (PMLs)  was 
used. To ensure maximum resolution using a photonic jet or 
a photonic hook formed by a dielectric particle, it is necessary 
that the field localisation region near the shadow boundary of 
such a particle is located near the particle – medium interface 
[33]. This  is achieved by selecting  the appropriate refractive 
index  contrast, which  in  this  case  is  equal  to  the  refractive 
index of the particle material. The simulation results for two 
values of  the particle’s  refractive  index are  shown  in Figs 2 
and  3,  where  the  distributions  of  the  squared  electric  field 
amplitude modulus are given. 

Figures 2b and 2d show the formation of a photonic hook, 
the optical ‘axis’ of which is shifted from the symmetry axis 
and curved due to the incident beam asymmetry caused by the 
metal screen. Thus, one can see that shielding part of the wave 
front incident on a particle with a metal screen leads to a loss 
of  energy,  and  the  photonic  hook  intensity  in  the medium 
decreases. Nevertheless, the localised photon flux formed at 
the particle – medium interface  is directed at an angle to the 
optical axis, which allows for oblique irradiation of the object 
under study.

The situation becomes more obvious in the case of using 
semi-cylindrical particles  (Fig. 3). When the particle  is  fully 
irradiated, a photon jet  is formed, localised along the parti-
cle’s symmetry axis (Fig. 3a). With small screening of the irra-
diating beam, the photon hook effect manifests  itself  to the 
greatest extent, and a localised curvilinear region of space is 
formed  near  the  particle’s  symmetry  axis  (Fig.  3b).  With 
greater  screening,  an  almost  linear  photonic  jet  is  formed, 
directed from the particle’s periphery to its optical axis, which 
allows for oblique irradiation of the object in the near field.

Figure 4 shows the angle of photonic jet deflection from 
the optical axis as a function of the degree of screening of the 
incident  radiation  (h/D)  for  a  semi-cylindrical  particle with 
the above parameters, where h is the screen height, and D is 
the particle diameter.
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Figure 1. Scheme of a classical microscope (a) with a particle and (b) 
with oblique irradiation by a photonic jet or a hook. The numbers on 
the arrows indicate the diffraction order; a is the angle of inclination of 
the photonic jet to the optical axis.
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Figure 2. (Colour online) Formation of a photonic terajet and a photonic hook for a cylinder with a diameter of D = 15l with refractive indices of 
n = (a – b) 1.55 and (c – d) 1.8 in the air (a, c) without a screen and (b, d) with a screen.
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Preliminary experiments were conducted to test the pro-
posed  concept  of  a  THz  microscope  with  enhanced  image 
contrast [35].

In work [36], a simple method was proposed for generat-
ing a photonic hook using a dielectric  cubic particle with a 
metal screen installed along its side face. The photonic hook 
generation is based on controlling the tangential component 
of the electric field along the particle surface [37]. The corre-

sponding  problem  was  simulated  numerically  by  solving 
Maxwell’s equations using the CST Microwave StudioÔ pro-
gram package with a minimum cell size l/(25n), and n = 1.46 
for teflon [38, 39]. Similarly to work [18], a cubic particle was 
placed in the air, had face dimensions equal to the radiation 
wavelength l  (2.4 ´  2.4 ´  2.4 mm) and was  irradiated by a 
vertically polarised plane wave at a frequency of 125 GHz. In 
these studies, a metal (copper) screen with a length equal to 
half  the  length of  the cubic particle  edge and  located along 
one of its lateral faces was used.

The conditions, scheme and parameters of the prelimi-
nary experiment were completely similar to those described 
in detail  in Ref.  [18]. Figure 5a shows  the  formation of a 
photonic  hook,  the  optical  path  of which  is  shifted  from 
the symmetry axis and curved due to the side metal screen. 
The  localised  photon  flux  formed  near  the  particle’s 
shadow surface  is directed at an angle  to  the optical axis 
(a = 24°), which allows for oblique irradiation of the object 
of study. 

An  aluminium  grating with  a  thickness  of  1 mm  and  a 
width of transparent grooves of 1.5 mm ruled at 1.5 mm was 
used as an object [18]. The image contrast C was determined 
by the well-known expression C = (Imax – Imin)/(Imax + Imin), 
where Imin and Imax are  the minimum and maximum ampli-
tudes of the recorded signal [37, 40]. As follows from Fig. 5b, 
due to the use of oblique illumination with a photonic hook 
instead of axial illumination with a terajet, the image contrast 
increased by about 2.2 times.

a b d

Figure 3. (Colour online) Formation of (a) a photonic terajet and (b, c) a photonic hook for a half-cylinder with a diameter of D = 15l with a refrac-
tive index n = 1.45 and various degrees of screening of incident radiation.
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Figure 4. Angle of the photonic jet deflection from the optical axis at 
various degrees of screening of incident radiation for a semi-cylindrical 
particle with the parameters indicated in Fig. 2.
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Figure 5. (Colour online) (a) Formation of a photonic hook by a cubic particle with a screen, and (b) the image contrast of a test-object with a te-
rajet (dotted line) and a photonic hook (solid curve).
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Oblique illumination in the near field can help the micro-
scope lens to capture higher-order diffraction fields from the 
sample, which is important for improving the image quality 
and, first of all, its contrast in THz microscopes [41] based on 
microparticles,  including  for  biophysical  research  [42]. This 
mechanism could play an important role in the development 
of  more  advanced  and  reliable  imaging  systems  and  ultra-
high resolution microscopes. Optimisation of spatial resolu-
tion is achieved by a reasonable compromise between the par-
ticle size and its optical contrast. The same approach can be 
applied using other photonic hook generation methods dis-
cussed in detail in work [33], for example, for a combined par-
ticle of two or more dielectric materials.

Thus,  we  have  shown  the  fundamental  possibility  of 
designing a microscope with oblique illumination in the near 
field, which allows one, without using an immersion medium 
(liquid),  to obtain  images with high contrast and ultra-high 
resolution inherent in photonic jets and terajets. This opens a 
new path to the development of more advanced and reliable 
THz  imaging  systems.  In  addition,  given  the  scalability  of 
Maxwell’s equations [43], this approach can be used both in 
optics and acoustics [33, 44, 45].
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