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Abstract
Photonic nanojets are currently being investigated,

brought into attention ten years ago for potential
application as ultramicroscopy technique, using its sub-
wavelength resolution to enhance detection and
interaction with matter. For these novel applications
under development, optically trapping a sphere, acts as
an ideal framework to employ these nanojets. In this
case, the nanojet is generated by a highly focused beam
contrary to the classical plane wave method, but it
inherits the advantage from optical trapping, that the
microsphere remains on the beam propagation axis,
and that can be positioned arbitrarily in space especially
for intracellular applications. Moreover, due to optical
forces, there is an equilibrium position of the sphere
centre with respect to the beam focus. This work,
presents a detailed analysis of the formal relationship
between the optical force on a microsphere and its
photonic nanojet.

1 Photonic Nanojets
Photonic nanojet (PNJ) are none other than external

caustics, spatially localized high energy density regions
structured in the near-field of the shadow side surface
of micro-scale dielectric cylinders or spheres, when
illuminated by a plane wave [1,2].

The main features of PNJ are waists smaller than
diffraction limit and propagation over several
wavelengths without significant diffraction. This leads
to potential spectroscopic methods with high spatial
resolution and high detection sensitivity by
backscattering enhancement. Therefore the
characteristics of a nanojet can be described by a few
parameters: the peak amplitude of the PNJ intensity, the
radial distance from the peak amplitude to the sphere
surface (radial shift), the radial distance from the peak
amplitude to the point where the intensity decays to
1/e² (decay length), and the PNJ width, which is the 1/e²
waist of the jet [3]. A simulation for a typical PNJ
generated by a circularly polarized plane wave is
presented in Figure. 1.

The current understandings of the behaviour of PNJ
for a given wavelength are: the PNJ waist
widening/shrinking as a function of increasing relative
refractive index; and the PNJ lengthening due to
increasing sphere radius. The modelling for plane wave

PNJs have just four parameters: refractive index of the
particle, and surrounding, wavelength of the incident
wave, and radius of the sphere.

Figure 1 PNJ (in red) illustrated by the colour map of the
normalized scaling of the logarithmic magnitude of time-
averaged Poynting vector, for a 2µm latex sphere in a
circularly polarized plane wave propagating along the
positive z-direction.
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Meanwhile for a focused incident beam on a sphere,
it has been shown that the resulting PNJ decreases the
confocal volume by an order of magnitude and
enhances the fluorescence brightness by a factor of five,
outperforming a classical confocal microscope [4].
Hence, for a focused incident beam instead of a plan
wave, the new additional focused beam parameters
increases the complexity of the problem. In the special
case of an optically trapped sphere, the highly focused
incident beam focus cannot be positioned arbitrarily
with respect to the sphere centre, to maximize energy
confinement, but is in a stable equilibrium position a
few wavelengths away from the sphere centre along the
propagation axis, balancing the scattering and gradient
force components.

2 Beam description and optical forces
To present a complete study of PNJ in optical

tweezers we start with a description of the incident
highly focused beam in the framework of generalized
Lorenz–Mie theory (GLMT) [5]. The basic idea of GLMT
is that a beam, that is a solution to Maxwell’s equations
(Maxwellian beam), can be written as an infinite series
of spherical functions and spherical harmonics, each
multiplied by a coefficient that is called a beam shape
coefficient (BSC). These BSCs completely describes the
incident, the internal, and the scattered electromagnetic
fields in terms of partial waves series. The correct
determination of these radially independent BSCs,
allows for precise determination of the observed
electromagnetic phenomena. However, contrary to the
employed Davis description of Gaussian beams, a
perturbation method introduces higher-order
corrections to the paraxial approximation, which for a
strong focusing (as in optical tweezers), yields a
condition that is rarely meet and there is a need to go
beyond a  paraxial expansion. To this aim, we resort to
an early development based on the angular spectrum
representation, later applied to optical trapping that led
to a final solution of describing a completely arbitrary
vectorial Maxwellian beam [6]. This new approach has
the benefit of providing an analytical expression for the
BSCs as a function of beam position with respect to the
sphere directly, without the need to rely on costly
vector translation theorems.

Once the BSCs are determined, we apply the
Maxwell stress tensor formalism to determine the force
components on an optically trapped microsphere,
providing new insights, given the analytical nature of
the solution, concerning the electromagnetic description
of laser beams.

Finally to determine the PNJ due to an optically
trapped micro-sphere, we first determine the location
along the propagation axis where stable equilibrium
condition is verified. The position is  found from an
optical force curve with respect to the trap position
from microsphere centre. This type of force profile has

been applied previously in the investigation of
morphology dependent resonances of an optically
trapped microsphere [7]. At this stable position, an
energy density plot could be done to identify the
existence/location of PNJs, for different optical trapping
characteristics (wavelength, refractive indexes,
polarization).

As a result, an understanding between the
interaction of an optically trapped micro-sphere and its
PNJ field structure is of  fundamental importance for
the study of optical physics, and has practical
significance for applications such as imaging, nano-
lithography, detection, metrology, biophotonics, and
especially spectroscopy.
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