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Donut-like photonic nanojet with reverse energy flow
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1. Introduction

The photonic nanojet (PNJ), which was first discovered by Chen
et al. in 2004"), is a tightly confined light beam that emerges
from the shadow side of a wavelength-scale dielectric particle
under optical illumination. Because the PNJ has a high-intensity
peak and narrow, subwavelength waist, which it maintains for a
propagation distance typically longer than a wavelength, it has
possible applications in ultramicroscopic technology'>~*), super-
resolution optical imaging!®”), nano-patterning®®), optical
micromanipulation'*~'?], optical data storagem’l‘”, and other
fields.

The formation of a PNJ is a complex process that involves
refraction, interference, and diffraction of an electromagnetic
wave incident on a dielectric particle at the wavelength scale.
By tuning the diameter and refractive index of the illuminated
dielectric structure (customarily assumed to be a cylinder or
sphere), the properties of the generated PNJ, including the maxi-
mum intensity, PNJ length, and full width at half-maximum
(FWHM), can be greatly modified">'®). Recently, novel PNJs
generated by dielectric particles with more complicated geom-
etries have also been proposed and investigated. For example,
the two-layer dielectric microsphere!’”); liquid-filled hollow
microcylinder"®), and microtoroid structures'”’ have been
designed, which produce ultralong PNJs with propagation
lengths of a few tens of wavelengths. By illuminating a dielectric
trapezoid particle, bent PNJs known as “photonic hooks” can be
formed with modified propagation paths?°?2,
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Photonic nanojets (PNJs) are subwavelength jet-like propagating waves generated by illuminating a dielectric microstruc-
ture with an electromagnetic wave, conventionally a linearly polarized plane wave. Here, we study the donut-like PN)
produced when a circularly polarized vortex beam is used instead. This novel PNJ also has a reverse energy flow at
the donut-like focal plane depending on both the optical vortex topological charge and microsphere size. Our tunable
PNJ, which we investigate numerically and analytically, can find applications in optical micromanipulation and trapping.

Keywords: photonic nanojet; optical vortex; reverse energy flow.

However, while various dielectric structures have been inves-
tigated, the incident light source of PNJs in most studies has
been restricted to a simple plane wave. If we attribute the gen-
eration of a PNJ to a process analogous to the jet-like nano-
focusing in the near-field region'**), naturally, the complicated
incident light field will affect the focusing properties heavily
and can be expected to play a role in structuring of special
PN]s[24_26]. Thus, it is of interest to study the dependence of
PNJ focusing properties on both the structured polarization
state and phase distribution and explore the related novel effects.

In this Letter, we propose and numerically investigate a novel
PNJ generated by a circularly polarized vortex beam incident on
a dielectric microsphere. The PNJ appears as a donut-like focal
field with longitudinal reverse energy flow; such a flow could
greatly enhance capabilities in the fields of optical micromani-
pulation and trapping. The dependence of the reverse energy
flow of the donut-like PNJ on both the topological charge of
the vortex beam and the geometry of the microsphere is inves-
tigated in detail. The unique properties of the PNJ are similar to
those associated with vector diffraction of an incident light beam
focused by a high numerical aperture (NA) lens, a problem that
can be treated analytically using the Richards-Wolf (RW)
integral.

2. Results and Discussions

Figure 1 shows schematically a donut-like PNJ generated by a
dielectric microsphere with radius R. The incident light
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Fig. 1. Schematic of the generation of a donut-like photonic nanojet (PNJ).
Incident light has circular polarization ¢ and topological charge m.

propagating along the z axis is a circularly polarized Laguerre-
Gaussian (LG) beam with a vortex phase:

(1)
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where E, is the amplitude; ¥ and j are unit vectors;

r= /x> + y* o==1 refer to the right circular polarization
(RCP) and left circular polarization (LCP), respectively; wj is
the Gaussian parameter; k is the wave vector; and m is the topo-
logical charge of the optical vortex. The dependence of donut-
like PNJ properties on the parameters R and m is numerically
studied by three-dimensional (3D) finite-difference time-
domain (FDTD) simulations based on Lumerical FDTD soft-
ware. For simplicity, but without loss of generality, we fix refrac-
tive index n = 1.5, wavelength 4 = 632.8 nm, and ¢ = —1 in this
Letter.

The electric field intensity distribution |E|* of the proposed
donut-like PNJ is shown in Fig. 2. When an LCP-LG vortex
beam with m =2 is used, the generated PNJ’s profile exhibits
a hollow-ring focus [Figs. 2(a) and 2(c)]. By contrast, the con-
ventional PNJ generated by Gaussian-beam illumination
(m =0) has a classical jet-like focal field [Figs. 2(b) and 2(d)].
The presence in the donut-like PNJ of a subwavelength focusing
tube (FWHM = 0.444) beyond the diffraction limit hints at
novel applications such as ultracompact optical trapping and
micromanipulation.

Another unique property of the proposed donut-like PNJ is
the appearance of reverse energy flow along the optical axis in
the vicinity of the focal plane. We investigate the PNJ generated
by microspheres with radii ranging from 3Ato74 and find
reverse energy flow in all cases. Figure 3(a) shows that, as the
radius of the dielectric microsphere increases, the absolute value
of the longitudinal reverse flow P, rises to its maximum value
when R = 64, then shows a diminishing trend. Figure 3(b) plots
the longitudinal energy flow of the donut-like PNJ along the x
axis in the focal plane as a function of the refractive index of the
microsphere. As the refractive index changes, the magnitude of
the reverse energy flow varies; it takes its maximum value
around n = 1.5, indicating that PNJ properties can be tuned
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Fig. 2. Electric field intensity distribution |£ I of the PNJ generated by a dielec-
tric sphere (R = A) under illumination by left circularly polarized Laguerre-
Gaussian beams with topological charges (a) m =2 and (b) m = 0. For each
case, the top plat is the |£ > of the PNJ, while the battom one is the longitudinal
intensity profile. The inset is the transverse profile with marked full width at
half-maximum, corresponding to the dashed red line that crosses the maxi-
mum intensity point of the PNJ. (c) and (d) plot |£ ¥ at the focal planes of the
PNJs in (a) and (b), respectively.

by selecting the appropriate optical materials. Figure 3(c) illus-
trates the dependence of P, on the topological charge m of the
incident LG beam, showing that a flexible P, distribution can be
obtained by tuning the optical vortex. For example, when the
LCP vortex beam has m =2, the P, of the generated PNJ has
moderate forward energy flow at the hollow ring but the largest
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Fig.3. Longitudinal energy flow P, at the focal plane of the PNJs generated by
left circularly polarized Laguerre-Gaussian beams with (a) fixed topological
charge m = 2 and refractive index n = 1.5 but different microsphere radii
R; (b) fixed m = 2, R = 64 but different n; and (c) fixed n = 15, R = 64
but different m. Insets: P, at x = 6.

reverse energy flow along the optical axis among all cases in
Fig. 3(c).

To understand better the reverse P, of the proposed donut-
like PNJ, we numerically study the energy-flow distribution in
the tangential plane, shown in Fig. 4. For both donut-like and
conventional PNJs, the energy flow of the incident light beam
is deflected by the dielectric microsphere and then converges;
however, in the former case, the hollow-ring-distributed LCP-
LG beam with m =2 yields a tube-like divergence after the
focusing process of the PNJ: a hollow center where reverse
energy flow appears and forms in the focal field.

So far, our investigation of the reverse energy flow in the
donut-like PNJ has been numerical, but a more analytical
approach is also possible and preferable. PNJ generation can
be viewed as analogous to the tight-focusing process of a high
NA lens, which can also exhibit reverse energy flow when the
incident light is a circularly polarized vortex beam!®”?*], The
electromagnetic field of a sharply focused LCP vortex beam
can be found theoretically from the RW formulas!**’;
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Fig. 4. Energy flow of the PNJs generated by a dielectric sphere (R = 64,
n =15} illuminated by left circularly polarized Laguerre-Gaussian beams with
topological charges (a) m= 2 and (b) m = 0, corresponding to Figs. 2(a) and
2(b), respectively. The blue arrows depict the forward energy flow, and the red
arrows depict the reverse flow.
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where

. m] .
Am(e>=(—ﬁfaf‘“9) exp(—f i’ 9)> 3)

[0

Jm(+) is the Bessel function, @ = arcsin(NA), f is the focal length,
k is the wave vector, and m is the topological charge.

The longitudinal component of the Poynting vector is then

c * *

P, :gRe(ExHy - E,H,), 4)

where c is the speed of light in vacuum, Re(-) is the real part of

the equation, and * refers to the conjugate. Here, we take the
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Fig. 5. Longitudinal component of the Poynting vector along the x axis in the
focal plane of the proposed donut-like PNJ (red curve) compared to that pre-
dicted from the RW integral (blue curve). The incident light is a left circularly
polarized Laguerre-Gaussian beam with topological charge m=2. The dielec-
tric microsphere has R = 64 and n = 15, and the NA of the lens is one.

conventional interpretation of energy flow by using the
Poynting vector®>*'), which is numerically confirmed to con-
servation of energy and is consistent with other researches!®” %),

For the LCP-LG light beam with m = 2, the longitudinal com-
ponent of the Poynting vector of the tight-focusing field from a
high NA lens (NA = 1) is calculated and plotted in Fig. 5. Like
the Poynting vector of the numerically simulated donut-like PNJ
under the same illumination, the analytical P, appears to be
reverse in the vicinity of the hollow center of the focal field. This
helps provide an intuitive understanding of the donut-like PNJ.
However, the PNJ, as a highly confined propagating beam with a
subwavelength beamwidth, has a reverse energy flow
of larger magnitude and more degrees of freedom for engineer-
ing the donut-like field, thus allowing more flexibility in
applications.

3. Conclusion

In conclusion, we propose and investigate a novel donut-like
PNJ formed by illuminating a dielectric microsphere with a cir-
cularly polarized vortex beam. We numerically study the
dependence of PNJ properties on the vortex topological charge
and the geometry and refractive index of the microsphere, dem-
onstrating the subwavelength hollow-ring shape of the PNJ field
and the existence of longitudinal reverse energy flow at the focal
plane. In addition, we explain this unique PNJ property by an
approximation of the tight-focusing process, analytically mod-
eled with the RW vector-diffraction integral. The donut-like
PNJ, with its structured focal field and unusual energy-flow dis-
tribution, may be applicable to novel optical trapping and
micromanipulation.
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