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Abstract 
The paper deals with the scattering of an electromagnetic 
plane wave by a system of core/shell microsphere and a 
single nanoparticle placed outside the spheres. 
Backscattering intensity perturbation caused by the 
nanoparticle was studied, and it was found that the position 
of the inner sphere can be used as a new effective tool to 
both detect a particle and to determine its size. The system 
of core/shell microsphere provides a longer particle 
detection distance compared with a single sphere system. It 
is shown that the maximum value of the perturbation of 
backscattering is reached at the interspherical distance 
corresponding to the maximal energy of the electromagnetic 
wave concentrated in the vicinity of the nanojet. 

1. Introduction 
The scattering of electromagnetic wave has been studied for 
more than 100 years. However, it was only in this century 
that the so called nanojet, a narrow, high-intensity beam of 
light generated at the shadow-side surface of plane-wave-
illuminated dielectric cylinders, was discovered [1]. 
Research has shown that photonic nanojet can be formed by 
spheres [2], multilayers cylinders [3], discs [4], and 
dielectric cuboids [5]. The effects of various factors on 
nanojet parameters have also been studied [6-11]. 
Considerably interest in nanojet research has been generated 
because of the possibility for their practical application as 
follows. Photonic nanojets provide a factor of 26 increases 
in the volume-integrated electric field within the 
subwavelength active volume of the photodiode [12]. The 
potential for portable nanojets by imaging different sub-
wavelength structures was demonstrated in [13]. The effect 
of photonic nanojets on microsphere imaging has been 
studied in [14]. Some potential applications were reviewed 
in [15]. In this work we concentrated on the possibility of 
using nanojets for the detection of particles that was 
proposed for the first time in [1]. The authors found that a 
particle size of 20 nm can cause a significant (40%) change 
in the intensity of the backscattering of an electromagnetic 
wave by a sphere with a diameter of 2 microns. Currently 
the use of nanojets for the detection of particles has been 
confirmed and developed in the work of different authors 
[16-18].  

One can assume that as the greater the intensity and (or) 
the length of the nanojet, as the greater the backscattering 
intensity signal should be expected. As it was shown in [19] 
a longer nanojet can be achieved using two concentric 
spheres. A more general case has been studied in the [20], 
in which the authors used a core/shell microsphere system 
to generate a nanojet, assuming the possibility of changing 
the position of the inner sphere along the nanojet axis. It has 
been found that for certain asymmetric positions of the 
inner sphere ultra long nanojet of 27 wavelengths can be 
achieved. Further, the core/shell microsphere system has the 
following advantages for detection compared with a single 
sphere system: a more powerful and longer nanojet; and the 
appearance of additional factors affecting the detection – 
position, size and dielectric permeability of the inner 
sphere. In the present paper we study how a core/shell 
microsphere system affects the possibility of nanoparticle 
detection. 

2. Modeling 
Our model consists of sphere A, into which sphere B is 
embedded and small sphere N placed outside of spheres A 
and B (Fig. 1). Radiuses (in µm) and refraction indexes for 
spheres A and B are: RA=2.65, RB=RA/2, nA=1.844, nB=1.6. 
If the refractive index of a sphere A is less than that of the 
inner sphere B, then this means that the electromagnetic 
wave propagates from a less dense medium to a denser one. 
Then the inner sphere scatters incident wave, inhibiting the 
propagation of the wave through the sphere A. Therefore 
quantities for nA and nB chosen such a way that nA < nB, and 
that values corresponds to those used in [19, 20]). The gold 
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Figure 1: Core (B) / shell (A) microshere and 
nanoparticle (N) illuminated by plane wave.  

z 

Particle 

Plane wave 
illumination 



 
 

32 

nanoparticle are assumed as sphere N with refractive index 
nAu=1.47 – i1.95 [1]. Its size varied in the range of 20-100 
nm. A TE-polarized plane wave (λ = 532 nm) falls on the 
group of the spheres positioned on the same axis. The 
direction of wave propagation is along the axis of symmetry 
of the spheres and selected as the z-axis. The origin of the 
coordinates corresponds to the centre of sphere A.  
Following to Ref. [21] Maxwell equations for time harmonic 
field appear as  
 

                 

(1) 

where m is the bulk refractive index of the medium and b is 
dimensionless phenomenological factor. A linear 
transformation of the electric and magnetic fields of the 
form  
 

  

will diagonalize Eq.(1), so that  

  

 
where the left and right wavenumbers are given by 
kL=mk/(1-bm), kR=mk/(1+bm). The functions for  and 

 was sought in the form of an expansion in the vector 
spherical functions, while expansion coefficients define 
scattering matrix [21]. The latter allow us to calculate 
scattering amplitude, i.e. scattering intensity, for any angle. 
At that scattering intensity for angle 180° is called 
backscattering intensity.  

According to [1] we choose a normalized backscattering 
intensity perturbation (BIP) ΔI as the main parameter 
characterizing the presence and size of nanoparticles in the 
vicinity of the photonic nanojet  
 

 ΔI=(I3-I2)/I2,   (2) 

 
where I2 and I3 are the backscattering intensities of the two 
(AB) and three (ABN) spheres respectively. The quantities I2 
and I3 were calculated independently using Fortran-90 code 
for calculation of the electromagnetic scattering developed 
by D.W. Mackowski and coauthors [22]. 

3. Efficiency of core/shell microsphere for 
nanoparticle detection 

The detailed dependence of the BIP on the intersphere 
distance Ls (between centres of spheres A and B) for 
different particle sizes is shown in Fig. 2. Here, for each 
fixed distance Ls we were looking for the maximum value 

of the BIP varying particle position at a distance of about 
three wavelengths from the surface of sphere A (area of the 
nanojet), along z axis as shown on Fig.1. As was expected, 
the BIP value increases as the size of the nanoparticle 
increases. However, all other details of dependencies 
remain the same. It should also be noted that the change in 
the BIP value occurs at a small interval of the order of 
wavelength. 

In the results presented in this section a particle size of a 
60 nm is chosen as a representative due to a next reason. A 
BIP value increases significantly as the size of the particle 
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Figure 3: Backscattering intensity perturbation 
caused by the 60 nm gold particle and core/shell 
microsphere AB. z is the distance between the 
surface of sphere A and center of the particle. 
Inset: same for single sphere A.  
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Figure 2: Backscattering intensity 
perturbation for ABN system versus 
positions of inner sphere; sizes of gold 
particle in nm : 40 (green), 60 (red) and 80 
(black).  
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increases. For instance, as reported in [1] 40% BIP variation 
has been calculated for a particle size of 20 nm while for 100 
nm it increases by orders of magnitude.  

Therefore, 60 nm seems to be the most optimal size for 
our analysis. This size is also typical for other works that 
study particle detection. The dependences of the BIP on the 
particle position for AN and ABN systems are presented in 
Fig. 3. The position of the inner sphere B is 0.33 µm away 
from the center of sphere A and corresponds to the 
maximum BIP value in Fig. 2.  

In addition to the major difference in the BIP value, 
other important advantages of the ABN system can be seen: 
the maximum of BIP values is at a distance of two 
wavelengths from the edge of the sphere and the BIP is 
suitable to detect a particle at a distance of up to three 
wavelengths, while in the case of one sphere A it is fast-
attenuating from the edge of the sphere.  

As it has been shown in [20], the maximum field 
intensity in the nanojet region increases as the inner sphere 
moves from left to right. So, placing nanoparticle beside 
core/shell microsphere we would expect appropriate 
increase of BIP. However, as can be seen from Fig. 2, the 
same uniform increase of BIP does not occur. It goes 
through a maximum value. We found that the value of BIP 
is determined not by the maximum field intensity in the 
vicinity of the nanojet, but by the energy of electromagnetic 

field accumulated in the nanojet region. In Fig. 4 the 
maximal intensity in the vicinity of nanojet along with 
length of nanojet (in the absence of nanoparticle) versus 
intersphere shifts is shown. It is seen that as the internal 
sphere shifts, both dependences have regular trend. Thus nor 
length of nanojet or field intensity in the nanojet area have 
correlation with BIP. Thus, none of each of that quantity can 
be responsible for the presence of maximum on Fig. 2. But 
because of multidirectional trends we can assume that the 

intensity of the reflected waves will be proportional to the 
amount of energy stored in the nanojet area. Therefore, we 
calculated the energy of the electromagnetic wave 
concentrated in the region of the nanojet. This area was 
determined by the volume of space where the intensity 

decreases no more than twice (W1) or to the value 2 (W2). 
The dependence of the values W1 and W2 on the intersphere 
distance Lc is shown in Fig. 5. Both dependences have a 
clear maximum just at the value of the intersphere distance 
for which the BIP maximum was found before (Lm 
»0.33µm). This convergence of maximum positions for 
fundamentally different systems of spheres allows us to 
make an explicit conclusion about the determining role of 
energy density in the nanojet area for the maximum BIP 
value. 

Another confirmation of this conclusion is that the 
maximum position of BIP is the same for different particle 
sizes (Fig. 2). The changing of full width at half maximum 
of the dependences is a consequence of different particle 
sizes. The absence of smoothness in the BIP change is the 
result of interference effects of scattering of wave groups 
reflected from the spheres A, and B on the one hand and N 
on the other.  
 

4. Conclusions 
In this paper, we considered the possibility of detecting a 
nanoparticle located in the vicinity of a core/shell 
microsphere system. We found that if an electromagnetic 
wave is scattered by such a system, the normalized 
backscattering intensity perturbation has a sharp peak for 
some intersphere distance. The value of BIP is sufficient to 
detect a particle at a distance of up to two wavelengths from 
the surface of the outer sphere. Additional calculations have 
shown that the maximum value of the BIP is reached at the 
same interspherical distance at which the energy of the 
electromagnetic wave in the vicinity of the nanojet is 
maximal.  
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Figure 5 ： Energy of the electromagnetic wave 
concentrated in the volume of space where the 
intensity decreases up to 2 times (W1) or to value 2 
(W2). 
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Figure 4：Maximal intensity in the vicinity of 
nanojet and nanojet length (in the absence of 
particle) versus positions of the inner sphere B.  
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