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Abstract.  We consider a specific spatially localised light structure, 
namely, a ‘photonic jet’ formed in the near field upon scattering of 
an optical wave in a dielectric micron particle. Dimensional param-
eters and intensity of a photonic jet from microaxicons of different 
spatial orientation are studied theoretically. It is found for the first 
time that an axicon-generated photonic jet has in this case a sub-
stantially larger length compared with the case of a jet formed on a 
spherical particle. 
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1. Introduction 

The problem of ensuring limiting focusing of optical radia-
tion into a subwavelength-resolution spatial region using 
light scattering on isolated cylindrical and spheroidal mic-
roparticles has been addressed in many papers (see, e.g., 
review [1]). These studies have been motivated by the fact that 
laser-illuminated particles having a high degree of spatial 
symmetry and size on the order of incident light wavelength 
can produce highly localised light structures, i.e., so-called 
‘photonic (nano)jets’ (PNJs) near the shadow-side surface [2]. 
Distinctive features of PNJs are an increased (with respect to 
initial) intensity and spatial dimensions, which are not typical 
for the case of geometric focusing of light by a conventional 
collecting lens. The length of a PNJ formed by a micron par-
ticle can reach several diameters (tens of wavelengths), and 
the transverse size can be less than the diffraction limit [3]. In 
addition, variation of size and optical properties of ‘parent’ 
microspheres (i.e., microspheres generating a PNJ) enables 
controlling PNJ characteristics in a wide range; for example, 
one can thus increase the PNJ length or intensity [4]. 

Modern optical technology permit producing miniature 
objects of more complex geometrical shapes than spheres and 
ellipsoids, or, for example, microcylinders [5]. Ting [6], Zeng 
et al. [7] and Pacheco-Pena [8] reported the design of arrays of 
microprisms, microcones and cubic objects (cuboids), respec-
tively. Each of these diffraction microelements can be used to 
solve specific practical problems. 

Thus, for example, the laser methods for manipulating 
atoms and molecules, in particular ‘laser scissors’ and ‘laser 

tweezers’, are being actively developed [9, 10]. Their opera-
tion principle is based on the effect of occurrence of gradient 
forces of a light field in the focal waist of the laser beam, so 
that controlled movement of micro- and nano-objects that 
fall into the area of optical traps becomes possible. 
Interestingly, moving the lens focus one can move particles, 
by arranging them into various structures [11, 12]. It is impor-
tant here to maximise the length of the regions of optical field 
focusing in order to be able to directly manipulate a group of 
target micro-objects. 

Traditionally, such a modification of the focal waist of the 
light beam is realised by axicons or conical lens [13], a charac-
teristic feature of which is specific conical focusing of the inci-
dent wave. The spatial structure of the optical field generated 
by such lenses includes an extended, almost ‘diffraction-free’ 
region of the focus, the length of which depends on the vertex 
(thickness) of the axicon. 

Therefore, the idea of applying conical focusing together 
with the PNJ effect to produce a distributed optical trap of 
increased length seems promising. Obviously, in this case use 
should be made of a microcone (microaxicon) rather than a 
sphere as a parent particle to produce a PNJ. By analogy with 
the geometrical optics, one can expect that a PNJ generated 
by a conical micron-size particle will be characterised by a 
spatial length much greater than the PNJ from the sphere. It 
is this problem that we study in this paper. 

To model the spatial structure of optical fields in the vicin-
ity of microparticles, we used the method of discrete dipole 
approximation (DDA) [14 – 16], which allows one, in contrast 
to the Mie formula [17], to solve the problem of scattering of 
a light wave from differently shaped objects, and not only 
from ellipsoids and spheres. Using this technique we have 
investigated various variants of the PNJ formation from con-
ical particles and have found that the use of a microaxicon 
with a certain thickness-to-width (vertex angle) ratio gives a 
dramatic increase in the PNJ length up to values of the order 
of ten wavelengths of incident light while retaining the sub-
wavelength-resolved transverse size of the photonic jet. A 
PNJ from a spherical particle with the same cross section is 
several times shorter. 

2. DDA method 

Let us briefly consider the basic principles and provisions of 
the DDA method. This method belongs to the family of inte-
grated methods of solving the problem of light scattering on 
objects. It allows one to find the spatial distribution of the 
field of a light wave scattered by particles (or a group of par-
ticles) according to the known distribution of the optical field 
inside the scattering object. In fact, the field at any point in 
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space can be represented as the sum of the incident wave field 
and the field induced by all other elementary segments of the 
scatterer. These fields interfere and produce the resulting 
intensity of the scattered wave. 

The main difference of the DDA method from its ana-
logues (the method of moments [18], the method of the digi-
tised Green’s functions [19]) consists in the fact that during 
the digitisation procedure of a light scattering object by a 
given number Nd of elementary polarised segments, they are 
considered to be electric dipoles, the emission law of which is 
known. Thus, if the amplitude of the electromagnetic field 
exciting the dipole is known, we can find the response of this 
particular dipole and do the same with all the other Nd dipoles. 
The resulting field will represent a superposition of the exter-
nal field and the field of all elementary dipoles of the object, 
taking into account the interaction between the dipoles them-
selves; therefore, the DDA method is called the coupled 
dipole method in the literature [20].

Here, following [15], we give a brief mathematical formu-
lation of the DDA method. We consider an object of volume 
V with the complex refractive index of matter m = n – iZ, 
which in general depends on the spatial coordinates r. The 
real object is replaced by a set Nd of dipoles uniformly distrib-
uted in lattice nodes (physical boundaries of the object), the 
distance between the dipoles being d. Each dipole is respon-
sible for polarisability of an elementary part of matter of a 
scattering particle – a cubic element of volume d3. 

Polarisability of each dipole aj (  j = 1, ..., Nd) is given in the 
form of the Clausius – Mossotti relation [21] with the correc-
tion for the variance of a discrete lattice of the dipoles in the 
region of high frequencies (kd >>  1) [22, 23]: aj = 

CM
ja /(1 + D), 
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is the correction factor; ej is the dielectric constant of the 
material at point rj of dipole localisation; k = 2p/l; and l is the 
wavelength. 

The vector of dipole (electric) polarisation is Pj = ajEj, 
where 

AE E Pinc
j j lj l

l j

= -
!

/ 	 (1)

is the resultant field at point rj inside the object, consisting of 
the incident wave field E inc

j  = E0exp(ikrj – iwt) and the contri-
bution of each of the remaining Nd – 1 dipoles; k is the wave 
vector in the direction of propagation of an electromagnetic 
wave (k = |k| = w/c); and A Pl ll j! j/  is the electric field at point 
rj of emission of a dipole with polarisation Pl, located at the 
points rl, taking into account its delay while propagating a 
distance  rjl = |rj – rl|. 

Each element Alj is a third-order square matrix: 
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where rjlu  = (rj – rl)/rjl, and 13 is the 3 ́  3 unit matrix. The diag-
onal elements of the matrix At  are written through the polari-
sation dipoles at point rj: Ajj = 1/aj. The further procedure is 

to find the set of polarisations Pl by solving the system of 3Nd 
linear equations (in the complex plane): 
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Then we can calculate the amplitude of the optical field of the 
scattered wave: 
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The total field outside of the particle is the sum of the fields of 
the incident and scattered waves: E(r) = E inc(r) + Esc(r), and 
thus, taking (1) into account the problem of light scattering 
can be considered solved. 

In carrying out numerical calculations, we used a freely 
available open-source DDSCAT software package designed 
by Draine and Flatau [15]. The latest version of the Fortran-90 
source code, as well as documentation and examples can be 
downloaded from http://code.google.com/p/ddscat/. Based 
on the objectives set in the work, we have made some changes 
in the source code of the DDSCAT package, modifying the 
presentation unit of output results and adding the procedures 
generating an array of spatial points occupied by the dipoles 
for a truncated cone with different orientation and a cone 
connected to the hemispherical lens. 

3. Characteristics of a PNJ from conical 
microparticles 

Effect of the PNJ formation is shown in Fig. 1a, which pres-
ents a two-dimensional distribution of the relative laser light 
intensity В = I(y, z)/I0 (I0 is the intensity of the incident light 
wave) in the vicinity of a homogeneous spherical particle of 
radius a0 = 1 mm. Hereafter, for definiteness, we consider sil-
ica nonabsorbing particles (with a real refractive index n = 
1.5) located in the air and illuminated by laser light at  l = 
0.532 mm. 

We have considered two main types of particles: a sphere 
and an axicon. In the latter case (Figs 1b, 1c), the micropar-
ticle orientation with respect to the incident light was changed 
since we expected that it entails a change in the focusing prop-
erties of the microcone associated with different deformation 
of the wave front of the light incident on the particle, and as a 
result, the characteristics of field in the PNJ region. 

To investigate and compare PNJs from different particles, 
we select, according to [3], three main parameters: the effec-
tive length L, the transverse dimension R and the peak inten-
sity Bmax. We will also take into account the distance h of the 
PNJ from the surface of microparticles. These characteristics 
are defined in Fig. 1c while considering the spatial intensity 
profiles of the optical field in the external focus of a quartz 
axicon. The longitudinal profile is given by the cross section 
of the two-dimensional distribution B(y, z) of the straight line 
y = 0, and the transverse profile – by the cross section of the 
straight line parallel to the y axis and passing through the 
point corresponding to the absolute intensity maximum Bmax 
in the PNJ. The longitudinal width of the main peak obtained 
at the 1/e2 level is taken to be the PNJ length L. Similarly, we 
determine the characteristic half-width R of the photon flux. 

Analysis of Figs 1a – c shows that by changing the form 
and/or orientation of the parent particle, one can change the 
characteristics of the light field in the PNJ region. This high 
sensitivity of the PNJ spatial form and intensity to a change of 
the type and size of a light scattering particle (as well as its opti-
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cal properties) allows the PNJ parameters to be effectively 
manipulated [3]. Consider how the PNJ form is modified when 
the sphere is replaced by an axicon with equal cross section. 

As a rule, in optical beam-shaping systems the axicon is 
illuminated by laser light from its base. In the case of a micro-
cone, in this configuration (as shown in Fig. 1b) the optical 
field is localised mainly inside the axicon (B ~ 17) and the 
‘flowing’ light flux (PNJ) of length L » 5l has a lower inten-
sity (Bmax » 11). In the case of mirror configuration of the 
microcone (‘inverse’ axicon), as shown in Fig. 1c, the position 
of the intensity maximum of the photon flux moves away 
from the particle (h » 2l), which is visually perceived as a 
separation of the jet from the particle surface. Numerical esti-
mates have shown that, although this spatial orientation of 
the axicon particle has no significant gain in intensity com-
pared to the traditional position of the axicon, this can sig-
nificantly increase the length of the generated PNJ. 

Since the objective of the present study was to find micro-
objects capable of generating extended PNJs, below we con-

sider the inverse axicon (see Fig. 1c) and examine in more 
detail the main PNJ characteristics by varying its size param-
eters. 

First of all, we will show how the change in the microaxi-
con thickness influences the characteristics of the optical field 
near the surface of its shadow side (the PNJ region). As an 
example, we consider two variants, when the cone thickness 
La constituted a quarter of the diameter of its base Da (La = 
Da/4) or is equal to the diameter (La = Da). When the Da value 
is fixed, it actually corresponds to a change in the vertex angle 
of the axicon. 

From a series of two-dimensional intensity distributions 
of the field, presented in Fig. 2, one can see that a decrease in 
the thickness of the focusing particle leads to a drastic increase 
in the length of the photon flux outside of the particle 
(Fig. 2a). However, this effect is accompanied by a more than 
two-fold decrease in peak intensity of the PNJ (Bmax = 6.2) 
and by a 1.5-fold increase in its transverse size in comparison 
with the case of a wider axicon (Fig. 2b). Thus, for a short 
axicon (La = Da/4), we have L » 10l and R » l. At the same 
time, for a wider particle these characteristics are respectively 
~6l and ~0.75l. It should be noted that for a spherical par-
ticles with the same transverse cross section the main PNJ 
parameters are as follows: Bmax = 84, L = 0.85l, R = 0.68l. 

The use of an axicon, as clearly demonstrated above, 
results in abnormally extended photonic jets; however, their 
transverse size is greater than that of the PNJ from the sphere, 
and the intensity is less. However, a number of optical appli-
cations related to micro-machined holes [7, 24], control of 
micro- and nanoparticles [25,  26] require generation of 
extended high-intensity submicron jets with the transverse 
size, approaching the diffraction limit: R ~ l/2. Consequently, 
there appears a problem of increasing the spatial resolution of 
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Figure 1.  Tone distributions of the relative optical-field intensity B(y, z) 
in the vicinity of quartz particles illuminated with laser light at l = 
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Figure 2.  PNJ from axicon particles with the base diameter Da = 2 mm 
and thickness La = (a) Da/4 and (b) Da. 
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the PNJ from the axicon particle while retaining as much as 
possible, its length. This causes the search for the other types 
of particles, for which the focusing region has a sufficiently 
good spatial localisation at high intensity. 

To solve this problem, we propose to construct a com-
bined particle consisting of a cone and a hemisphere. The 
basic idea here is to use the advantages of the conical (length) 
and spherical (high intensity) focusing of the light wave. As a 
basic particle we will choose a circular cone, inheriting the 
ability of an axicon to form long PNJs. The addition of the 
hemisphere at the output section of the cone will allow for 
additional focusing adjustment of incident light, which should 
increase the peak intensity of the PNJ and reduce its width. 

Tone distributions of the relative laser light intensity B in 
the vicinity of combined axisymmetric quartz microparticles 
with a radius а0 = 1 mm of the base of the truncated axicon is 
shown in Fig. 3. As in previous figures, the intensity is nor-
malised to the maximum value. Axicon thicknesses corre-
spond to the cases shown in Figs 1 and 2. 

The qualitative comparison of Figs 2 and 3 shows how the 
field distribution changes inside and outside of the particle 
when the axicon is combined with the sphere. The PNJ length 
becomes several times less as compared to the case of light 

scattering from an ideal axicon. Moreover, not only the spa-
tial size of the PNJ, but also its distance from the surface 
change. The jet as if ‘sticks’ to the outer shell of the complex 
particle, ‘leaking’ out of it in the form of an exponentially 
decaying tail. According to the terminology adopted in [27], 
for the combined particle the morphological type of the PNJ 
changes from a torch, as in Fig. 2a, to a dagger. However, the 
overall trend noted previously in Fig. 2 is retained, i.e., the 
length of the photon flux outside of the particle decreases 
with increasing axicon thickness. 

The dependences of the main characteristics of the PNJ on 
the axicon thickness for conical and combined particles are 
shown in Fig. 4. One can see that among the studied particles 
axicons with a ratio of dimensional parameters  La = Da /4 
generate the longest photonic jet. In this case, the peak inten-
sity of the PNJ is almost an order of magnitude higher than 
the incident light intensity, and the transverse size of the jet is 
on the order of the wavelength of light (R ~ l). For the cones 
with the greatest (of variants considered) thickness the maxi-
mum PNJ intensity is reached, and the half-width of the jet 
has a minimum size (R ~ 0.66l). 

In combined axicon + hemisphere particles, the PNJ 
length does not change much when the length of the axicon is 
varied, and the half-width of the jet is stabilised at the sub-
wavelength level: R ~ l/2. The additional spherical focusing, 
achieved due to the attachment to the hemisphere axicon, 
allows one to have a more than three-fold increase in the 
intensity near the shadow-side surface of the microparticle. 

Overall assessment of the PNJ parameters can be carried 
out using the quality criterion Q, which takes into account all 
the characteristics of the jet: Q = LBmax/R [28]. Figure 5 shows 
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Figure 3.  Same as in Fig. 2 for the combined particles with La= (a) Da/4, 
(b) Da/2 and (c) Da. 
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the dependences of this parameter on the thickness La, calcu-
lated for axicon particles in the presence or absence of the 
hemisphere on the right. Note that the value of the quality 
criterion Q for a uniform spherical particle of the same radius 
is 106.

One can see from Fig. 5 that an increase in axicon length 
leads to an increase in the parameter Q, primarily due to spa-
tial localisation of the PNJ (a decrease in its transverse size) 
and an increase in intensity. Comparison with the sphere sug-
gests that in terms of the PNJ quality criteria the conical par-
ticle is, of course, an attractive object for generating extended 
spatially localised light fluxes. The combined use of conical 
and spherical focusings gives an additional gain in the value 
of Q for the combined particles having a thickness of La G 
Da/2. 

4. Conclusions 

The above examples of diffraction structures generated in the 
near-field due to scattering of light on quartz dielectric uni-
form microparticles in the form of the right and inverse axi-
con, as well as in the form of combined particles (axicon + 
hemisphere) indicate the difference between the spatial forms 
of PNJs. Implementation of conical focusing on axicons 
allows localisation of the optical fields into abnormally 
extended regions. A kind of advantage for the increased 
length is lower peak intensity and larger width of the photon 
flux compared with the case of spherical particles. 

More advantageous in terms of improving the power 
characteristics of PNJs are combined particles, representing 
an inverse axicon supplemented with a hemisphere on the 
right. The spherical surface allows tighter focusing of the 
optical field, which results in a several-fold intensity increase 
in the PNJ region and is always accompanied by a decrease in 
the jet length. The transverse size of these light fluxes is ~l/2. 

Thus, we have clearly demonstrated that by varying the 
spatial form of light-scattering microaxicons one can control 
the characteristics of photonic jets by increasing their length 
or intensity. 
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