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Abstract
A theoretical study has been performed on effect of polarization state of incident plane wave on performance of photonic 
nanojet (PNJ) generated by a sphere or an ellipsoid or an elliptical cylinder scatterer, among which the sphere has a higher 
while the ellipsoid and elliptical cylinder have a relatively low geometric symmetry. The study shows that the polarization 
state of incident wave affects mainly full width at half maximum of the PNJ in case of the sphere scatterer, whilst influences 
mainly the focal length in case that the scatterer is an ellipsoid or elliptical cylinder. Further study focuses on the effect on 
the focal length of the PNJ generated by either an ellipsoid or an elliptical cylinder scatterer, and the influences of type, 
geometric size and orientation of scatterer on the effect. The results show that the effect prefers to take place for a scatterer 
with a lower symmetry, and the type, geometric size and orientation of scatterer all can influence the effect. There exists 
a maximum effect at a certain symmetry and the maximum effect depends on the type, geometric size and orientation of 
scatterer. In the case of the elliptical cylinder, the focal length of PNJ generated can increase by as much as two times as the 
polarization state is changed.

1  Introduction

Photonic nanojet (PNJ) refers to a highly focused beam gen-
erated by waves scattered by a mesoscale particle [1, 2]. 
It is featured by ultra-high light intensity, sub-wavelength 
waist and wavelength-scale propagation distance, which are 
characterized by light intensity enhancement, full width at 
half maximum (FWHM) and focal length (FL). Among these 
PNJ parameters, the FL is a crucial parameter that deter-
mines the application scenarios of PNJ [3]. A PNJ with a 
longer FL can be used to probe surface topography of sam-
ple [4], measure refractive index of medium [5], enhance 
Raman signal [6], and detect diameter of single particle [7, 
8]. On the other hand, a PNJ with a shorter FL may find 
its use in high-resolution imaging of microscope [9], and 
power enhancement of antennas radiation [10–12]. Due to 

the importance of FL, researchers have proposed a lot of 
methods to tailor the FL of PNJ [13–22]. The first one is 
to change refractive index ratio of the dielectric particle 
and surrounding medium on the basis of the viewpoint that 
a structure with a lower refractive index ratio produces a 
PNJ with a longer FL [13–16]. The second method is to 
change the shape of scatterer structure. Various structures 
with different shapes have been adopted to produce a PNJ 
with a desired FL, such as a dome [17], a hemispheric shell 
[18], an ellipsoid [19], a two-layer dielectric microsphere 
[20], a glass cuboid embedded in a dielectric cylinder [21], 
two-layer cylinder of high refractive-index materials [22]. 
Besides these traditional spherical and cylindrical structures, 
brothers Minin have proposed to generate a PNJ using a 
mesoscale particle of arbitrary three-dimensional shape [10, 
11, 23], and found that a cuboid particle can generate a more 
symmetric beam spot than a sphere with the same size in the 
case of linear polarization [2]. In addition, the FL of PNJ can 
be also tailored by the size of scatterer. A larger scatterer is 
expected to produce a longer FL PNJ [24, 25].

It is worthwhile to point out that all of the preceding 
studies concentrate on the FL tailoring via adjusting the 
optical and geometrical parameters of scatterer structure. 
From the viewpoint of application, the change of dielectric 
structure is unrealistic and unfeasible for dynamical control 
of FL in real time and the complicated scatterer structure 
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increases the difficulty in scatterer fabrication. Compara-
tively, it is more feasible, flexible and easier to realize the 
FL tailoring via controlling the polarization state of incident 
wave. Over the past years, a few papers have preliminarily 
studied polarization state effect on characteristics of PNJ 
[2, 26–30]. The studies concentrated on the PNJ generated 
by a scatterer with a higher geometric symmetry, such as a 
two-dimensional axis symmetric scatterer (an infinite long 
cylinder) [26] or a three-dimensional scatterer of spheroid 
or cuboid that has a circular or a square projection on the 
plane perpendicular to the optical axis [2, 27–30]. Higher 
geometric symmetry of the scatterer itself results in that the 
polarization state of incident wave takes significant effect 
on the light intensity enhancement and FWHM, while small 
effect on the FL of the PNJ. In addition, the previous study 
also focused on beam shaping and direction control of a 
curved PNJ by joint-adjusting the polarization state and 
beam size of the incident wave [31]. In overall, the effect of 
polarization state on the FL of PNJ was not found in all of 
the previous studies. Present paper demonstrates first that 
the FL of PNJ generated by a scatterer having a relatively 
low geometric symmetry can be tailored by changing the 
polarization state of linearly polarized incident plane wave. 
To achieve it, we choose either an ellipsoid or an elliptical 
cylinder as a scatterer and carry out a systematic investiga-
tion on effect of polarization state of incident wave on the 
characteristic parameter FL of the PNJs generated by them. 
The study focuses on the relationship between the polariza-
tion effect and the geometry of scatterer. The polarization 
effect is characterized by the difference of the FL of PNJs 
generated by a scatterer under the illumination of a plane 
wave with different polarization states. For comparison, the 
study is also carried out on a sphere scatterer.

2 � Structural model, principle and numerical 
method

Figure 1 shows schematic of light scattering of an ellipsoid 
or elliptical cylinder. A PNJ is formed and located behind 
the irradiated ellipsoid or elliptical cylinder. An xyz refer-
ence frame is fixed at the center of scatterer structure for 
convenience. For the ellipsoid, it has a semi-major axis Rl 
along the x axis and two semi-minor axes Rs along both y 
and z axes. For the elliptical cylinder, it has a semi-major 
(minor) axis Rl (Rs) along the x (z) axis and a height H 
(= 1.4λ) along the y axis. Here, the H parameter is chosen 
to ensure a positive focal length in the case that the wave 
is incident onto a cylinder scatterer along with its axis. 
Assume that the scatterer is made of SiO2 with a refrac-
tive index n = 1.46 at the studied wavelength λ = 500 nm, 
at which the absorption of the SiO2 is minor [32]. A 
plane wave polarized along x- or y-axis is incident onto 

the scatterer along the z-axis. It has an intensity of I0. As 
shown in Fig. 1, the scattered waves interference with each 
other, resulting in formation of a PNJ behind the scatterer. 
Figure 1 shows schematic of the PNJ projected onto xz 
(left) and xy (right) planes. The PNJ is usually character-
ized by three parameters: (1) focal length (FL), defined 
as the distance from the scatterer’s surface to the z posi-
tion where the scattered wave intensity maximizes [also 
called focal point as indicated in Fig. 1]; (2) FWHMx(y), 
defined as full width at half maximum intensity along the 
transversal x/y-axis at focal point; and (3) wave intensity 
enhancement factor, defined as the ratio of the maximum 
intensity Imax to the incident intensity I0.

Based on the structural model depicted in Fig. 1, we 
have investigated systematically the effect of wave polari-
zation state on the performance of PNJ produced by an 
ellipsoid or an elliptical cylinder. For comparison, the 
study was also performed on a sphere scatter. The investi-
gation focuses on the polarization effect on the FL of PNJ. 
All simulations were accomplished using a commercially 
available program (CST Microwave Studio). A transient 
solver in time domain was adopted. A sufficiently fine hex-
ahedral mesh with an inhomogeneous size ranging from 
λ/60 to λ/30 was employed to ensure an enough small iter-
ation step. Meanwhile, a strict iterative termination condi-
tion was adopted to ensure sufficient iteration times. The 
strict iterative termination condition ensures the accuracy 
of numerical calculation, together with the sufficiently fine 
mesh and adaptive refinement measure. Open boundary 
condition, which is usually adopted to calculate the scat-
tered field, has been adopted in our simulation.

Fig. 1   Schematic of light scattering of an ellipsoid or elliptical cyl-
inder
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3 � Numerical results and discussion

3.1 � Polarization effect of PNJ generated by a sphere 
scatterer

First of all, the polarization effect is studied on a sphere 
structure. Figure 2a, and b shows the PNJs projected onto 
xz plane and generated by a sphere with Rl = Rs = λ under the 
illumination of x- or y-polarized incident wave. The white 
dashed line marks the focal position of PNJ. One can see 
that the two PNJs have the same FL. Thus, for sphere scat-
terer, the change of polarization state does not affect the 
FL of PNJ. On the other hand, the polarization state affects 
considerably the shape of wave spot. As shown in Fig. 2a, b, 
the two PNJs have considerably different widths along x-axis 
at the focal position. The difference is further observed for 
the PNJs projected onto the xy plane, as shown in Fig. 2c, 
and d. One can see that the PNJ generated in the case of the 
x-polarized incident wave has larger y-width, while the one 
generated in the case of the y-polarized incident wave has 
larger x-width. In specific, the PNJ generated in the case of 
the x-polarized incident wave has an FWHMx of 0.57λ and 
an FWHMy of 0.63λ, while that generated in the case of 
the y-polarized incident wave has an FWHMx of 0.63λ and 

an FWHMy of 0.57λ. In words, for a sphere scatterer, the 
polarization state affects mainly the FWHM while hardly 
the FL. Next, we try to give a qualitative explanation for the 
polarization effect on the FWHM on the basis of distribu-
tion feature of components of Poynting vector at the focal 
position. Figure 2e–g shows the distributions of x-, y-, and 
z-components Px, Py and Pz of Poynting vector on xy plane 
for a PNJ generated in case that a y-polarized plane wave 
is incident onto a sphere scatterer. One can see that, as the 
incident electric field is polarized along the y-axis, the x- and 
z-components Px and Pz are predominant at the focal point, 
and the x-component Px reveals panda-eye-like distribution 
feature along x-axis and the z-component Pz shows a circu-
lar wave spot. One can anticipate that the panda-eye-like 
feature results in broadening of total Poynting distribution 
along the x axis. It is thus comprehensible that the resultant 
PNJ has a larger FWHMx and a relatively small FWHMy. 
As the incident plane wave is polarized along the x axis, the 
y-component Py reveals panda-eye-like distribution feature 
along y-axis instead. As a result, the resultant PNJ has a 
larger FWHMy and a relatively small FWHMx.

3.2 � Polarization effect of PNJ generated 
by an ellipsoid or an elliptical cylinder

Next, attention is further paid to the polarization effect on 
the performance of PNJ generated by an ellipsoid and an 
elliptical cylinder.

3.2.1 � PNJ generated by an ellipsoid scatterer

For the ellipsoid scatterer, the study is carried out in the case 
that the semi-minor axis Rs is fixed at Rs = λ while the semi-
major axis Rl varies from λ to 3λ. For reference, Table 1 
brings together the values of characteristic parameters of 
the PNJs generated in case that ellipsoids with varied Rl and 
fixed Rs = λ are irradiated by an x- or y-polarized plane wave. 
These parameters include the FL, wave intensity enhance-
ment factor Imax/I0, FWHMx and FWHMy. Note that the 
FWHM data in the case of negative FL are given in unit of 
λ in medium. One can see that, as the

Rl is increased from λ to 3λ, the Imax/I0 decreases 
from ~ 32 to ~ 10, and the FWHMx and FWHMy change in 
the range of 0.55λ–0.80λ and 0.48λ–1.21λ, respectively. It 
is worthwhile to point out that, as Rl is larger than 1.7λ, the 
PNJ generated has a negative FL and the focal spot splits 
into two components along x-axis. In this case, the definition 
for FWHMx is no longer applicable. Next, we discuss mainly 
the Rl dependence of FL and polarization effect.

Figure 3a shows the Rl dependence of the FL of PNJ gen-
erated by an ellipsoid that is illuminated by a y- or x-polar-
ized incident wave. The red and blue asterisks represent the 
y- and x-polarization cases, respectively. The intersection 

Fig. 2   PNJ generated by a sphere with Rl = Rs = λ and projected onto 
a, b xz and c, d xy planes. e–g Poynting components Px, Py and Pz at 
focal point for the PNJ generated in the case that the incident plane 
wave is y-polarized
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of two plots takes place at Rl = Rs = λ, which corresponds to 
a spherical scatterer. It means that the two PNJs generated 
by a sphere that is irradiated by a y- or x-polarized incident 
wave have the equal FL. This is consistent with the preced-
ing result of the sphere scatterer. In words, the PNJ gener-
ated by a sphere scatterer has less polarization effect on the 
FL. Back to Fig. 3a. As Rl is larger than λ, the FL of the 
PNJ generated by the x-polarized incident wave has a value 
definitely larger than that by the y-polarized incident wave, 
indicating that the FL shows definite polarization effect. 
The effect changes slightly from one Rl value to another and 
maximizes as Rl = 1.5λ. Aiming at the largest polarization 

effect, which takes place at Rl = 1.5λ, we have calculated the 
PNJs projected onto xz plane in the case of an irradiation by 
a y- or x-polarized incident wave. The results are shown in 
Fig. 3b, c. The white dashed lines mark the focal positions of 
two PNJs, and the red full dot and arrow symbols represent 
the polarization directions along y and x-axes, respectively. 
One can see that the FLs of the two PNJs show clear polari-
zation effect.

The polarization effect is related to the geometry of scat-
terer structure. As we know, a scatterer structure having a 
larger size tends to generate a PNJ with a larger FL [13]. 
The focal position of the PNJ is correlated with the focus-
ing of wave in the meridional and sagittal planes. Consider 
that an ellipsoid has a semi-minor axis Rs (along the y-axis) 
smaller than its semi-major axis Rl (along the x-axis). This 
means that the scatterer has a smaller size along the y-axis 
and a stronger confinement to scattered wave along this axis. 
As a result, the PNJ has a smaller FL along the y direction. 
As a plane wave polarized along the y-axis is incident onto 
this ellipsoid scatterer, the electric field oscillates along the 
y-axis and mainly interacts with the structure along y-axis. 
As a result, the interaction of electric field and the structure 
along the y-axis plays a dominant role in the formation of 
PNJ, and thereby a PNJ with a smaller FL can be obtained. 
On the other hand, the scatterer structure has a larger size 
along the x-axis and hence a weaker confinement to waves in 
this direction. As a plane wave polarized along the x-axis is 
incident onto the structure, the electric field oscillates along 
the x-axis and mainly interacts with the structure along the 
x-axis. Consequently, the interaction of electric field and the 
structure along the x-axis plays a dominant role in the forma-
tion of PNJ, and a PNJ with a larger FL can be thus obtained. 
Furthermore, for a wave polarized along an arbitrary direc-
tion in xy plane and incident onto a scatterer structure, its 
electric field can be decomposed into x- and y-components. 
In this case, the formation of PNJ is determined by the inter-
actions between the scatterer structure and these two elec-
tric field components. In addition, the incident wave with a 

Table 1   FL, wave intensity 
enhancement factor Imax/I0, 
FWHMx and FWHMy of PNJ 
generated in case that ellipsoids 
with varied Rl and fixed Rs = λ 
are irradiated by an x- or 
y-polarized plane wave

Note that in the case of negative FL the FWHM data are given in unit of λ in medium

Rl
(λ)

FL (λ)
x-pol

FL (λ)
y-pol

Imax/I0
x-pol

Imax/I0
y-pol

FWHMx (λ)
x-pol

FWHMx (λ)
y-pol

FWHMy (λ)
x-pol

FWHMy (λ)
y-pol

1 − 0.03 − 0.03 31.87 31.89 0.57 0.63 0.63 0.57
1.4 0.32 0.20 21.05 20.15 0.55 0.69 0.55 0.48
1.5 0.45 0.32 20.34 20.48 0.60 0.74 0.56 0.53
1.6 0.49 0.44 15.87 15.44 0.73 0.80 0.61 0.61
1.7 − 0.01 − 0.08 15.01 15.42 – – 0.89 0.82
1.8 0.08 − 0.03 13.35 14.24 – – 0.47 0.57
2 − 0.03 − 0.12 13.46 13.91 – – 0.82 0.67
2.5 − 0.12 − 0.21 10.60 11.54 – – 0.95 0.64
3 − 0.21 − 0.30 9.68 9.53 – – 1.21 0.63

Fig. 3    a Rl dependence of FL of PNJ generated by an ellipsoid with 
Rs = λ. b, c PNJs projected onto the xz plane and generated by the 
ellipsoid with Rl = 1.5λ and Rs = λ in the case of an irradiation by a 
y- or x-polarized incident wave
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larger x-component tends to obtain a PNJ with larger FL, 
while that with a larger y-component is expected to obtain 
a PNJ with smaller FL. Maximal and minimal FLs are 
obtained as the incident wave is purely x- and y-polarized, 
respectively, and the FL with a median value is obtained for 
the incident wave polarized along an arbitrary direction in xy 
plane. As the polarization state is changed, the proportions 
of x- and y-components of electric field change correspond-
ingly, resulting in the change of FL. The change of geometri-
cal parameters renders the confinement to waves in different 
directions changed, and hence makes the FL changed. This 
point was verified by the variational relationship between Rl 
and the FL, as shown in Fig. 3a.

In addition, we note from Table 1 and Fig. 3a that the 
polarization effect on the FL shows a non-monotonic 
dependence on Rl. The observation may be explained as 
follows. As pointed out above, the FL of PNJ has a nega-
tive value and the focal spot splits into two components 
in case that Rl > 1.6λ. The two features result in a sudden 
change of the PNJ properties and hence the non-monotonic 

dependence of polarization effect of FL on Rl. In this case, 
the PNJ is no longer the normal PNJ with just one focused 
spot. Similar non-monotonic feature is also observed in the 
case that an elliptical cylinder scatterer is considered below, 
and the relevant description is no longer presented in the 
following context for saving space.

As pointed out above, the maximum polarization effect of 
the FL happens in the case that the ellipsoid has Rl = 1.5λ and 
Rs = λ. We have selected Rl = 1.5λ and Rs = λ as the funda-
mental geometrical parameters and further investigated the 
polarization effect as a function of the overall varying factor 
of the size of ellipsoid scatterer, named α = Rl′/Rl = Rs′/Rs, 
where Rl and Rs were fixed at 1.5λ and λ, respectively, and Rl′ 
and Rs′ represent the sizes that the ellipsoid scatterer is mag-
nified or reduced by α-fold. Figure 4 shows the FL of PNJ 
calculated as a function of the α in the range of 1.0–2.0. The 
red/blue plot represents the illumination by a y-/x-polarized 
incident wave. We can see that, as the overall varying factor 
α is increased from 1.0 to 2.0, the FL value increases signifi-
cantly. This is the case whether the PNJ is generated by the 
x- or y-polarized incident wave. We also note that the PNJ 
generated by the x-polarized incident wave has a larger FL 
value, and the polarization effect of FL changes little with 
the α value, suggesting that an overall change of the size of 
scatterer affects little the polarization effect of the FL. This 
is comprehensive because the overall change of the size of 
scatterer does not change the geometric shape feature of the 
ellipsoid scatterer, and hence does not affect the polarization 
effect noticeably. For reference, Table 2 brings together the 
values of characteristic parameters of the PNJs generated 
in case that ellipsoids with varied overall varying factor α 
under the illumination by a y- or x-polarized wave.

Besides the symmetry and overall varying factor consid-
ered above, the orientation of the ellipsoid may also influ-
ence the polarization effect. We have studied the influence 
by rotating the ellipsoid (Rl = 1.5λ and Rs = λ) either around 

Fig. 4   α (= Rl′/Rl) dependence of FL of PNJ generated by the ellip-
soid illuminated by a y-polarized (red) or x-polarized (blue) plane 
wave

Table 2   FL, Imax/I0, FWHMx 
and FWHMy of PNJs generated 
by ellipsoids with varied overall 
varying factor α under the 
illumination of y- or x-polarized 
plane wave

The other parameters are Rl = 1.5λ and Rs = λ

α FL (λ)
x-pol

FL (λ)
y-pol

Imax/I0
x-pol

Imax/I0
y-pol

FWHMx (λ)
x-pol

FWHMx (λ)
y-pol

FWHMy (λ)
x-pol

FWHMy (λ)
y-pol

1 0.45 0.32 21.63 20.48 0.60 0.74 0.56 0.53
1.1 0.56 0.54 22.92 22.10 0.62 0.73 0.56 0.53
1.2 0.76 0.64 25.30 25.08 0.59 0.78 0.61 0.54
1.3 0.95 0.83 27.50 26.41 0.61 0.81 0.62 0.57
1.4 1.05 0.92 27.20 26.96 0.66 0.89 0.62 0.56
1.5 1.27 1.14 27.73 27.17 0.66 0.85 0.69 0.63
1.6 1.42 1.35 27.88 28.17 0.70 0.89 0.70 0.61
1.7 1.55 1.43 29.11 29.78 0.71 0.91 0.73 0.63
1.8 1.65 1.52 31.39 28.55 0.79 1.18 0.66 0.66
1.9 1.96 1.83 30.73 28.37 0.73 1.06 0.78 0.79
2 2.00 1.88 30.19 29.84 0.77 1.08 0.81 0.79
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the z-axis with an angle θ or around the y-axis with an angle 
� all in the range of 0°–90°. Figure 5a shows rotation angle 
θ dependence of parameters of FL, Imax/I0, FWHMx and 
FWHMy of PNJs. The red/blue plots represent the cases of 
y-/x-polarized wave illumination, respectively. The two cases 
θ = 0° and 90° correspond to Figs. 3b, c and 5b, c, respec-
tively. Figure 6a shows rotation angle � dependences. The 
two cases � = 0° and 90° correspond to Figs. 3b, c and 6b, 
c, respectively.

1.	 Attention is first paid to the effect of θ or � on the FL. 
As shown in Figs. 5a and 6a, all of the FL plots show 
a monotonous dependence on the rotation angle θ or � , 
and the � dependence is stronger than the θ dependence. 
As the θ ( � ) is increased from 0° to 90°, the FL changes 
by ~ 0.15λ (~ 0.6λ). As the θ ( � ) changes, the polariza-
tion effect has a maximum ~ 0.15λ (~ 0.21λ). In addition, 

the polarization effect shows a sign change at θ around 
45°. As θ < 45°, the FL in the case of x-polarized wave 
illumination is larger than that in the case of y-polar-
ized wave illumination. As θ > 45°, a reversed feature 
is observed. The FL in the case of y-polarized wave 
illumination is larger. At θ ≈ 45°, the FLs of two PNJs 
generated in the two cases of x- and y-polarizations have 
the equal values of 0.32λ. This is because, as θ = 45°, 
the rotated ellipsoid orients along the diagonal direction 
of xy plane and the electric fields of x- and y-polarized 
waves have the same components in that direction, and 
thereby the polarization has little effect on the FL. Simi-
lar feature of sign change of polarization effect on FL 

Fig. 5   a Rotation angle θ dependence of FL, Imax/I0, FWHMx and 
FWHMy of PNJ generated by rotating the ellipsoid around z-axis 
and illuminating with a plane wave polarized along y- (red) or x-axis 
(blue). b, c PNJs projected onto the xz plane and generated in the case 
of θ = 90°

Fig. 6   a Rotation angle � dependence of FL, Imax/I0, FWHMx and 
FWHMy of PNJ generated by rotating the ellipsoid around y-axis 
and illuminating with a plane wave polarized along y- (red) or x-axis 
(blue). Note that in the case of negative FL the FWHM data are 
given in unit of λ in medium. b, c PNJs projected onto the xz plane 
and generated in the case of � = 90°, respectively. At θ = 90°, how-
ever, the major and minor axes of the ellipsoid orient along the y and 
x axes, respectively. The two cases are equivalent to the exchange of 
major and minor axes of the ellipsoid, resulting in that the polariza-
tion effects on the FL at θ = 90° and 0° are equal in value and oppo-
site in sign. Figure 5b, c shows the PNJs projected onto the xz plane 
and generated in the case of θ = 90°. One can see that the polarization 
effect is discernible
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is also observed for � ≈ 50° as shown in Fig. 6a. The 
polarization effect on the FL at θ = 90° has the same 
value but opposite signs as that at θ = 0°. At θ = 0°, the 
major and minor axes of the ellipsoid orient along the x 
and y axes.

We also note that the polarization effect minimizes at 
� = 90°, i. e., the FLs in the two cases of x- and y-polariza-
tions have the same value. This can be explained from the 
viewpoint of �-rotation-induced change of geometry of the 
ellipsoid projected onto the xy plane. As the ellipsoid rotates 
around y-axis from 0° to 90°, the projection of ellipsoid onto 
the xy plane changes gradually from an ellipse to a circle, 
resulting in cancellation of the polarization effect on FL. 
Figure 6b, c shows the PNJs projected onto the xz plane 
and generated in the case of � = 90°. One can see that the 
polarization effect is indiscernible.

2.	 We can see from Figs. 5a and 6a that the Imax/I0 of PNJ 
changes little with θ but considerably with � . The dif-
ferent features are associated with rotation-induced 
change of geometric area of the ellipsoid projected onto 
the xy plane. As we know, the Imax/I0 of PNJ is closely 
related to geometric area of a scatterer projected onto 
the plane perpendicular to the optical axis. In the case of 
θ-rotation, the geometric area of the ellipsoid projected 
onto the xy plane keeps constant. In the case of �-rota-
tion, however, it reduces as the � is increased. It is thus 
comprehensive that the Imax/I0 of PNJ changes largely 
with � while little with θ. We also note from Figs. 5a and 
6a that the influence of the rotation on the polarization 
effect of Imax/I0 is small in both cases of θ and �.

3.	  As shown in Figs.  5a and 6a, the FWHMy of PNJ 
changes weakly with both θ and � . This is also the case 
for the FWHMx in the case of x-polarization. In the case 
of y-polarization, however, the FWHMx changes more 
remarkably with θ or � , resulting in that the influence 
of the rotation on the polarization effect of the FWHMx 
is more obvious than that of the FWHMy.

In words, the orientation of ellipsoid is also a key factor 
in tailoring the performance of PNJ. It also influences defi-
nitely the polarization effect on both FL and FWHMx. These 
orientation effects are associated with rotation-induced geo-
metric change of the ellipsoid scatterer projected onto the 
xy plane and z axis [e. g. the �-rotation induces the size 
change of the ellipsoid projected onto the z axis and hence 
the change of FL, as observed in Fig. 6a].

3.2.2 � PNJ generated by an elliptical cylinder scatterer

The polarization effect on the FL is further studied on an 
elliptical cylinder. Two cases that the polarized plane wave is 

incident along the direction either perpendicular or parallel 
to the cylinder axis (z-axis) have been considered. Figure 7a 
shows the Rl dependence of FL of the PNJ generated by an 
elliptical cylinder with Rs = λ and a height H = 1.4λ in case 
that the y- or x-polarized plane wave is incident along the 
direction perpendicular to the cylinder axis. The red and blue 
asterisks represent the FLs of PNJs generated in the cases 
of the irradiation by y- and x-polarized waves, respectively. 
One can see that two FL plots show similar non-monotonous 
feature. The polarization effect of the FL is quite small. As 
the Rl changes from 1.5λ to 2.5λ, the polarization effect of 
the FL changes slightly within 0.05λ–0.17λ and maximizes 
at Rl = 2λ. For convenience, Table 3 brings together the val-
ues of characteristic parameters of the PNJs.

Aiming at the largest polarization effect, which takes 
place at Rl = 2λ, we have calculated the PNJs projected onto 
xz plane in the case of an irradiation by a y- or x-polarized 
incident wave. The results are shown in Fig. 7b, c. The white 
dashed lines mark the focal positions of two PNJs, and the 
red full dot and arrow symbols represent the polarization 
directions along y- and x-axes, respectively. One can see that 
the FL difference of two PNJs is affirmative.

In the case that the cylinder axis is perpendicular to the 
z-axis, the cross section of the scatterer projected onto the 
xy plane is a rectangle in fact. In the case that the cylin-
der axis is parallel to the z-axis, however, the projection 
onto the xy plane is an ellipse. The two projections have 
different geometric shape features: the ellipse has a con-
tinuously varying edge, while the rectangle has a straight 

Fig. 7   a Rl dependence of FL of PNJ generated by an elliptic cylinder 
with Rs = λ and H = 1.4λ in case that the y- or x-polarized plane wave 
is incident along the direction perpendicular to the cylinder axis. b, c 
PNJs projected onto the xz plane and generated by an elliptic cylinder 
with Rl = 2λ, Rs = λ and H = 1.4λ in the case of an illumination by a y- 
or x-polarized plane wave
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edge, suggesting that two cases may have different polari-
zation effects of the FL. To make the argument clear, an 
independent study was carried out on polarization effect 
of the FL in the case that a y- or x-polarized plane wave 
is incident along the cylinder axis (z-axis) and Rs = λ and 
H = 1.4λ. Figure 8a shows the FL calculated as a function 
of Rl. We note that a PNJ with a larger FL is generated 
as the elliptic cylinder has a Rl larger than Rs (= λ) and 
it is irradiated by an x-polarized incident wave, i. e., for 
a given Rl value, the FL in the case of x-polarization is 
larger than that in the case of y-polarization. The feature 
is consistent with the case of ellipsoid scatterer as dem-
onstrated above. We also note from Fig. 8a that two FL 
plots also show similar non-monotonous feature and peak 
at Rl = 1.7λ in the case of x-polarization and Rl = 1.6λ in 
the case of y-polarization. It appears that the FL of PNJ 

generated in the case that the cylinder axis is parallel to 
the z-axis shows more obvious polarization effect than that 
generated in the case that the cylinder axis is perpendicu-
lar to the z-axis. As the Rl changes from 1.2λ to 1.8λ, the 
polarization effect of FL changes within 0.23λ–λ, which 
far exceeds the varying range in the case that the cylinder 
axis is perpendicular to the z-axis, 0.05λ–0.17λ, as given 
above. Aiming at the maximal polarization effect, which 
happens as Rl = 1.7λ, we have calculated the PNJs pro-
jected onto xz plane in the case of an irradiation by a y- or 
x-polarized incident wave. The results are shown in Fig. 8b 
and c. The focal points are marked with the white dashed 
lines. We can see that the polarization effect on the FL is 
quite evident. For convenience, Table 4 brings together the 
values of characteristic parameters of the PNJs generated 
in case that a y- or x-polarized plane wave is incident along 
the cylinder axis (z-axis).

We have further studied the wave intensity distribution 
features of the PNJ generated by the elliptic cylinder in case 
that the maximal polarization effect takes place. Figure 9a–c 
shows the wave intensity distribution along the z-axis and 
transverse y- and x-axes of the PNJ generated by the ellipti-
cal cylinder with Rl = 1.7λ, Rs = λ and H = 1.4λ in case that a 
y- (red curve) or x-polarized (blue plot) plane wave is inci-
dent along the cylinder axis (z-axis). The black dashed lines 
in Fig. 9a indicate the focal positions. The curves in Fig. 9b, 
c are taken from the focal positions.

One can see from Fig. 9a that the PNJ generated in the 
case of x-polarized incident plane wave has a larger FL 
than that generated in the case of y-polarized incident plane 
wave, and the polarization effect of the FL is larger than λ. 
In Fig. 9b, the blue distribution curve, which corresponds to 
the x-polarized incident wave, is broader than the red curve 
concerning with the y-polarization. This is consistent with 
the sphere scatterer case, in which, as demonstrated above, 
a PNJ having a larger FWHM along the y-axis is generated 
as a spherical scatterer is illuminated with an x-polarized 
incident wave. The preceding observation shows that the 
polarization state also affects the FWHM of PNJ generated 
by an elliptical cylinder scatterer. In Fig. 9c, the wave inten-
sity distribution features of the red/blue curve match with the 
wave spots marked with the dashed white lines in Fig. 8b, c.

Table 3   FL, Imax/I0, FWHMx 
and FWHMy of PNJ generated 
by an elliptic cylinder with 
varied Rl and fixed Rs = λ and 
H = 1.4λ in case that the y- or 
x-polarized plane wave is 
incident along the direction 
perpendicular to the cylinder 
axis

Note that in the case of negative FL the FWHM data are given in unit of λ in medium

Rl (λ) FL (λ)
x-pol

FL (λ)
y-pol

Imax/I0
x-pol

Imax/I0
y-pol

FWHMx (λ)
x-pol

FWHMx (λ)
y-pol

FWHMy (λ)
x-pol

FWHMy (λ)
y-pol

1.5 0.74 0.69 23.38 21.67 0.58 0.63 0.66 0.62
1.7 0.99 0.94 20.04 17.18 0.64 0.75 0.75 0.71
1.9 1.33 1.28 16.55 14.76 0.7 0.81 0.88 0.88
2 − 0.03 − 0.21 12.48 14.45 – – 0.66 0.58
2.5 0.49 0.4 11.51 11.87 – – 0.53 0.5

Fig. 8   a Rl dependence of FL of PNJ generated by an elliptic cylinder 
with Rs = λ and H = 1.4λ in case that a y- or x-polarized plane wave is 
incident along the cylinder axis (z-axis). b, c PNJs projected onto the 
xz plane and generated by the elliptic cylinder with Rl = 1.7λ, Rs = λ 
and H = 1.4λ in the case that a y- or x-polarized plane wave is incident 
along the cylinder axis (z-axis)
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4 � Conclusion

We have investigated the effect of polarization state of 
incident wave on characteristic parameters of a PNJ gen-
erated by a sphere or an ellipsoid or an elliptical cylinder 
scatterer. Study shows that, in addition to the geometry of 
scatterer, polarization state of incident wave is another key 
factor in tailoring the performance of PNJ generated by a 
scatterer. For a PNJ generated by a sphere, which has a 
higher geometric symmetry, the polarization state of inci-
dent wave affects mainly its FWHMx(y) while hardly its FL. 
For an ellipsoid or elliptical cylinder scatterer, which has 
a relatively low symmetry, the polarization state affects 
mainly the focal length as a result of interaction between 
the polarized electric field and the scatterer. Further study 
shows that the polarization state effect on the FL occurs 
for a lower-symmetry scatterer. It is influenced by type, 
geometric size and orientation of scatterer. There exists a 
maximum effect at a certain symmetry, and the maximum 
effect depends on the type, geometric size and orientation 
of scatterer. In particular, for a PNJ generated by an ellip-
tical cylinder, as the wave is incident along the cylinder 
axis, the change of polarization state may cause FL altera-
tion by as much as two times. On the other hand, an overall 
size increase or decrease of the scatterer affects little the 
polarization effect on the FL.

In words, polarization state of incident wave is a more 
feasible, effective, and convenient factor in tailoring the 
FL of a PNJ generated by a scatterer than the others, such 
as the geometry of scatterer. With a properly designed 
polarization state, a PNJ with a desired focal length would 
be obtained for various application purposes.
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Table 4   FL, Imax/I0, FWHMx 
and FWHMy of PNJ generated 
by an elliptic cylinder with 
varied Rl and fixed Rs = λ 
and H = 1.4λ in case that a 
y- or x-polarized plane wave is 
incident along the cylinder axis 
(z-axis)

Rl (λ) FL (λ)
x-pol

FL (λ)
y-pol

Imax/I0
x-pol

Imax/I0
y-pol

FWHMx (λ)
x-pol

FWHMx (λ)
y-pol

FWHMy (λ)
x-pol

FWHMy (λ)
y-pol

1.2 0.74 0.61 19.35 19.15 0.64 0.69 0.61 0.55
1.3 0.86 0.74 17.9 17.9 0.69 0.79 0.59 0.52
1.4 1.11 0.98 16.12 16.15 0.79 0.96 0.62 0.55
1.5 1.23 1.11 14.33 14.15 0.87 1.1 0.68 0.62
1.6 1.67 0.53 12.48 12.31 1.09 1.4 0.71 0.65
1.7 0.5 0.33 11.06 11 1.11 0.93 0.81 0.45
1.8 0.74 0.74 11.19 10.55 0.89 1.12 – 0.5

Fig. 9   Wave intensity distribution along a z-, b y- and c x-axis of the 
PNJ generated by the elliptical cylinder with Rl = 1.7λ, Rs = λ and 
H = 1.4λ in case that a y- or x-polarized plane wave is incident along 
the cylinder axis (z-axis)
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