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Preface

This book examines two-dimensional light fields (sinc beams, Airy beams, Hankel
beams, and Bessel beams of fractional order), in which reverse energy flow is formed
near isolated intensity nulls, that is, near those points where the energy (power)
density is zero. A reverse canonical energy flow has also been found in three-
dimensional nonparaxial vector light fields with linear, azimuthal, and hybrid polar-
izations. The reverse energy flow is formed in the near field, in the presence of
evanescent waves, as well as in the region of sharp focus, where there are no
evanescent waves. Interestingly, reverse energy flow takes place in the near field
of a Hertzian linear point dipole.

This book is devoted to an interesting and largely unexplored effect in optics: the
reverse energy flow of light. It examines two-dimensional and three-dimensional
nonparaxial vector light fields, in which reverse canonical energy flow is formed in
certain spatial regions. The propagation of coherent monochromatic light is
described in several ways: by decomposition into a plane-wave spectrum and by
Rayleigh-Sommerfeld vector integrals. Projections of the electric vector in sharp
focus are described using Richards-Wolf theory and Debye integrals. The reverse
energy flow effect is closely related to the well-known superoscillation effect and the
formation of giant local wave vectors in nonparaxial light fields.

This book presents precise analytical expressions for the longitudinal projections
of the canonical energy flow vector, which strictly prove the presence of reverse flow
in the light fields under consideration.

This book includes the results that the authors obtained in 2024-2025.



vi Preface

This book will be of interest to a wide range of scientists and engineers working in
the fields of optics, photonics, laser physics, opto-information technologies, and
optical instrumentation. It can also be useful for bachelor’s and master’s students in
the specialties of applied mathematics and physics, applied mathematics and infor-
matics, and optics, as well as for graduate students specializing in these areas.

Samara, Russia Victor Kotlyar
Samara, Russia Alexey Kovalev
Samara, Russia Sergey Stafeev



Introduction

In modern optics and photonics, despite their rapid recent development, some
theoretical problems remain unresolved. One such problem is the occurrence of
negative values for the longitudinal projection of the Poynting vector. As early as
1919, V.S. Ignatovsky, and later in 1959, B. Richards and E. Wolf discovered that in
the sharp focus of coherent light, the Poynting vector takes on negative values. They
called this effect reverse energy flow. However, this effect has not been studied in
detail. The Poynting vector is included in the differential law of conservation of
energy as its divergence. Therefore, the Poynting vector is defined only up to the curl
of any continuous function, since the divergence of the curl is zero. Therefore, the
question arises: Does the Poynting vector always determine the magnitude and
direction of the energy flow at each point in space? In 2007, A. Ya. Bekshaev and
M.S. Soskin showed that the Poynting vector is the sum of two vectors: the orbital
(canonical) energy flux vector and the spin flux vector. The spin flux cannot
influence the energy flux. Therefore, a true reverse energy flow occurs when the
axial projection of the canonical energy flux vector takes on negative values. In other
words, the canonical energy flux is proportional to the local wave vector, which is
equal to the phase gradient at that point. If the component of the wave vector parallel
to the optical axis is negative, then the energy flux has a reverse direction.

Reverse canonical energy flow occurs in nonparaxial light fields that diverge
strongly or are focused into a sharp focus. Typically, reverse canonical energy flow
occurs near intensity zeros. In two-dimensional light fields, a longitudinal optical
vortex (a 2D vortex) forms near these intensity zeros, and the light energy circulates
around the intensity zeros in the longitudinal plane. In some parts of this circulating
energy flow, the direction is reversed (toward the light source). The local wave
vector near the intensity zeros exceeds the wavenumber of the light. Therefore, the
reverse energy flow effect is closely related to the superoscillation effect discussed
by M. Berry in 2009 (optical currents). The region where the energy circulates in the
longitudinal plane is only a tenth of a wavelength in size, that is, the region with the
reverse flow is essentially subwavelength.

vii



viii Introduction

In three-dimensional nonparaxial light fields, a reverse flow forms near lines of
zero intensity. For example, if a 3D vector field has a curve of zero intensity in the
transverse plane that forms a ring centered on the optical axis, then two isolated zero
intensity points will appear in any longitudinal plane section of that ring. Around
these two zero intensity points, two energy flows will form, circulating in opposite
directions: around one zero intensity point, the energy flow will rotate clockwise,
while around the other zero intensity point, the energy flow will rotate counterclock-
wise. In some parts of these trajectories along which light energy circulates, the
direction of the energy flow will be reversed.

Although the fraction of light energy directed in the opposite direction is only 1 or
2% of the total beam energy, studying the backward canonical flux allows us to
better understand the complex nature of light.

At the end of the Introduction, we would like to mention several works that are
predecessors to this work, in which reverse energy flow is tightly related to the phase
singularities of light fields. For instance, the work by J.F. Nye et al. [1] demonstrated
for the first time that near an optical vortex (near a screw phase dislocation) in 2D
waves, a phase saddle point should exist. In another work [2], M.V. Berry showed
that in the waist of a 2D nonparaxial Gaussian beam without evanescent waves, two
points of phase singularity (screw dislocations) exist with topological charges of +1
and —1, symmetrical with respect to the optical axis, and two phase saddle points
exist near these singularities. It was also shown that around the phase singularity
points (intensity zeros), energy flow circulates, which is proportional to the wave
vector. This follows directly from the definition of the wave vector as the gradient of
the complex amplitude describing the 2D nonparaxial light field. However,
M.V. Berry’s work [2] was inspired by the works of G.P. Karman et al. [3, 4],
where the authors illustrated that near the paraxial focus of 3D rotationally symmet-
ric beams, bounded by a circular aperture or having spherical aberration, a zero-
intensity ring in the focus generates in the longitudinal section an isolated intensity
zero and thus generates a phase singularity point. However, since the beam is
paraxial (numerical aperture is 0.1), there is no phase saddle point near the phase
singularity point, whereas the reverse flow can be generated in the interval between
the phase singularity point and the phase saddle point in 2D beam [5]. Paraxial light
fields cannot have a reverse energy flow.
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Chapter 1 ®)
Canonical Energy Flow in 2D Laser Beams <:ix

1.1 Reverse Flow During Propagation of Half a Plane Wave

Ever since the seminal works by Ignatovsky [1] and Richards and Wolf [2], optical
researchers have been pondering over why at certain conditions, the Poynting vector
[3] takes negative values. Being a constituent part of integral and differential
equations describing the energy conservation law [4], the Poynting vector is asso-
ciated with the energy flow. On the other hand, the Poynting vector is defined up to
the curl of any analytic function, because taking divergence of curl always yields
zero [5]. The energy backflow (negative Poynting vector value) has been discovered
to occur for Bessel vector beams [6] and other vector beams [7-9] and on the optical
axis at the sharp focus [10, 11]. However, rigorous simulations have shown the
energy backflow to be incapable of displacing a microparticle in the negative
direction (an optical ‘tractor’) [12, 13]. In the work by Bekshaev [14], the Poynting
vector was shown to be composed of the sum of two vectors: a (canonical) orbital
energy flow and a spin flow. The canonical energy flow is proportional to the
intensity multiplied by the phase gradient, thus being co-directed with the wave-
vector of a light field [15]. Meanwhile, the spin flow is proportional to the curl of the
spin angular momentum and, so, is incapable of taking part in the energy transfer.
Negative values of the energy flow have been shown to occur [16] when the spin
flow is counter-directed to the optical axis and larger in magnitude than the direct
canonical energy flow.

In this section, we analyze 2D diffraction of a TE-polarized plane wave by an
opaque rectangular screen [4]. This problem can be analytically solved using Fresnel
integrals, meaning that an analytic expression for a canonical energy flow can be
derived and parameters leading to the formation of the canonical energy backflow
identified. We reveal that the canonical energy backflow is generated in the diffrac-
tion pattern areas where values of diffraction-enabled intensity and phase modula-
tion on the screen edge are smaller than the incident wavelength. In those areas the
local wave-vector is larger than the incident wave vector. There is nothing unusual
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2 1 Canonical Energy Flow in 2D Laser Beams

about this, for it is known that in the vicinity of a vortex center (intensity null) of a
light field, the azimuthal component of the wave vector can take huge values [17—
22].

1.1.1 Fresnel Diffraction by a Rectangular Edge

Scalar Fresnel diffraction of a plane wave by a rectangular edge is described by a
complex amplitude [4]:

Ey(x.2) = 42 [(COw) — S(w) +1(1 + Cw) + S(0)] -
= % (1 +V2e7EC(w) + \/Ee’%S(w)),

where k is the wave-number, the x-coordinate is in the plane of an opaque screen, the
z-coordinate is perpendicular to the screen, with magnitudes remaining unchanged
along the y-coordinate, E, defines linear (TE)-polarization along the y-coordinate,

and w :x\/%;, A being the wavelength. Fresnel integral in (1.1) takes the form:

Cw)= /Wcos(%tz>dt, S(w) = /wsin(%tz>dt. (1.2)
0 0

While describing the Fresnel diffraction, light field amplitude (1.1) remains valid at
any small z, as with z tending to zero, field amplitude (1.1) tends to a constant value,
meaning that half the constant-amplitude plane wave gets obstructed by the screen.
For light field (1.1), the intensity distribution is given by

2 1
106,2) = |Ey(x,2)|" = 5 % (1.3)
(€00 — S0)? + (1 + CO) + 500)2).

From (1.3), the intensity pattern is seen to remain unchanged at any z, changing only
in scale and decreasing in magnitude with increasing distance z. In view of C(c0) = S
(00) = 1/2 and Eq. (1.3), we infer that at x — oo the intensity tends to a constant
value of I(x — 00,7) = z ~ at a given z; while being always four-times lower than
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that at infinity at x = 0. The intensity extremums are found by equating to zero the
derivative of intensity (1.3):

0 10 [r1 o1 2
Eo-g o) G ]
1 aw? 1 . aw? '
o [(24— C(w )) cos ——+ <§+S(w)) sin T} =0.
Equation (1.4) leads to a transcendental equation for deriving the extremes:
2C(w)+1 w?
PR (15)

The first root of (1.5) can be approximately assessed from the following consider-
ations. The left-hand side of (1.5) equals 1 at C(w) = S(w), which occurs approxi-
mately at w = 1.26 (see Tables of Integrals in [23]). And on the right-hand side of
(5), the tan function takes a value of —1 at w = 1.22. Hence, the coordinate x,, of the
first (larger) local intensity maximum is approximately defined by

X = 1.22\/%. (1.6)

1.1.2 Canonical Energy Flow Generated by the Diffraction
of Light by a Rectangular Edge

Disregarding inessential constants, the Poynting vector is composed of the sum of
two vectors [15]: the (canonical) orbital energy flow, P,, and the spin flow, Py,

P=P, + P, =Im(E"(V)E) +%(v xS), S=Im(E'xE).  (1.7)

Based on (1.7), the longitudinal component of the orbital energy flow can be
expressed as

P(,,,z=1m<E 3Bt E g Bt El o E) (1.8)
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Let us remind that under the 2D diffraction of a TE-polarized wave there is a single
non-zero E-vector projection of Eq. (1.1), which produces, after being substituted
into (1.8):

{kz {(% + C(w))2 + (% + S(w)ﬂ - (1.9)
i (o ctm) - o 2 ()] .

An analysis of (1.9) shows that with the first term in the square brackets being always
positive, for the canonical energy flow to take negative values the second term in the
square brackets should also be positive and larger in magnitude than the first one. Let
us find at least a single value of the parameter w in (1.9) which makes the entire
expression in (1.9) negative. For instance, assuming that the sine function equals
1 and the cosine—zero, we find that w2 = n/2,1.e. w = 1. Hence, the value of the
x-coordinate at which the energy flow in (1.9) can be negative is

xz\/%. (1.10)

Since the diffraction pattern of a plane wave by a rectangular edge is a result of
interference between a wave propagating past the screen and secondary diverging
waves generated by the edge diffraction, the wave-vector projection on the z-axis
away from the screen can take negative values only at negative z, with the screen
located at z = 0. In this case, the light diffracted from the screen edge is propagating
in the negative z-axis direction. Rather than being reverse, this is a direct energy flow
propagating backwards. Behind the screen (at z > 0), both the plane wave and the
diffracted secondary waves are propagating in the positive z-axis direction. So, it is
only thanks to surface waves near the z = 0 plane that a canonical energy backflow
can occur at z > 0, leading us to choose z = 4/30. In view of Eq. (1.10), the transverse
coordinate is x = 0.131. At w = 1, table values of Fresnel integrals can be employed
[23]: C(w) = 0.78, S(w) = 0.44. Substituting them into (1.6) yields:

(o) s (10 400}

(1.11)

Py (x=0.132,2=2/30) = 2% x {0.21

0.11 _ 1500

There are a countable number of x-coordinate values where the canonical energy
flow in (1.9) has a local negative extremum. An increase in x leads to increasing w,
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and the second term is becoming ever larger in magnitude than the first term in the
square brackets in (1.9). Actually, at large w> > 1, Fresnel integrals take values C
(00) = S(o0) = 1/2 and Eq. (1.9) is rearranged to

2 2
Py (x—>00,2)= 2% [Zkz— v2_v (sin(%) — cos (%))} (1.12)

Equation (1.12) suggests that with increasing distance from the edge, the negative
energy flow also increases in magnitude, for w > 0 is growing. From (1.12) it also
follows that given a unit-value sine function and zero cosine, i.e. at points x,,,
localized minima of energy flow (1.9) are observed at

Xm=+4z2m+1), m=0,1,2,..., (1.13)

if the inequality holds:
X >47rz3/2\/§. (1.14)

From (1.14) it is seen that at small z (kz << 1), the first localized negative minimum
of energy flow is near the origin, x,, < A, whereas with increasing distance z, the
transverse coordinate in (1.14) at which the first local negative localized maximum is
moving away from the screen edge.

1.1.3 Profile of the Longitudinal Wave-Vector Projection

It can be shown that the longitudinal projection of the wave-vector of canonical
energy flow (1.9) is defined by the product of intensity by the phase derivative of the
light field complex amplitude (1.1), thus

0
Por.=|E)| P (E,) =

aw?* (1 .aw? /1
|E.|2 k+ﬁc0s7(§+S(w))f SmT(EJrC(W)) (1.15)
TUE S Grcm) e gese)

The derivative of the argument of function (1.1) relative to the longitudinal z-
coordinate in (1.15) equals the longitudinal wave-vector projection. Thus, given a
positive-valued second term in the round brackets in (1.15), the longitudinal wave-
vector projection will be larger than the wave-vector magnitude, which is possible if
evanescent waves are present in the field. If the second term in the round brackets in
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(1.15) is negative and larger in magnitude than the first term &, a canonical energy
backflow occurs at those points. Thus, an energy backflow is generated in those
intensity pattern areas where the local intensity and phase modulation period is
smaller than the incident wavelength. We note that the smaller the local period of
(subwavelength) phase and amplitude modulation, the larger (in magnitude) is the
canonical energy backflow. From (1.15), it is seen that with growing w or the
transverse x-coordinate, the contribution of evanescent waves with a larger-than-k
local wave-vector will grow and so will the magnitude of the canonical energy
backflow.

1.1.4 Canonical Energy Backflow for a Gaussian Beam

By way of demonstrating that the canonical energy backflow is a universal phenom-
enon, below we conduct a comparative analysis of two seemingly very different
problems: diffraction of light by an edge and propagation of a paraxial Gaussian
beam. It appears that a canonical energy backflow can also be found on the periphery
of a conventional linearly polarized Gaussian beam, being generated far from the
optical axis in areas with near-zero intensity. The complex amplitude of a Gaussian
beam has been well known [24]:

2

E,(r,2)= ﬁ exp(ikz— #(Z)

), g2)=1+i%. (1.16)
20

The longitudinal component of the canonical energy flow in (1.8) and (1.15) is

defined as a product of beam intensity (1.16) by the phase derivative with respect to

the longitudinal coordinate:

)2 P 272
o= el ava(e) = 5T oo (- 35 )

2.2 2

20 2r<zyz 2N 2 Z
k_z2+22_ el E wi(z)=w <1+—2>,

¢ 0w (z +ZO) 2

where zy = kw?/2 is the Rayleigh range. From (1.17), it follows that the projection of
the phase derivative of Gaussian beam (1.16) with respect to the longitudinal
coordinate will be negative if the expression in the round brackets is negative:

(1.17)

1. 2 )
T+ w2+ 3)

<0. (1.18)

Condition (1.18) is valid at some distance z from the waist if the circle radius r is
larger than a certain value:
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1/2
ps 2 [E)(ME+5) —2)) (1.19)
20 2z
Simplifying (1.19) and putting, for clarity, z = z, yields:
r>kw?. (1.20)

May the radius of the Gaussian beam waist equal the least value at which the paraxial
approximation still holds [25]: w = 2A. Then, the threshold value of the transverse
coordinate r marking the birth of a canonical energy backflow is r > 8z = 4.4w(z).
This relation suggests that the radius behind which a canonical energy backflow is
starting to occur is about four times larger than the radius of the Gaussian beam waist
at the Rayleigh range.

1.1.5 Edge Diffraction: A Non-Paraxial Consideration

Let us consider for comparison the non-paraxial propagation of light after an opaque
screen with a rectilinear edge. The complex amplitude of light in the 2D case is
described by means of expansion over the two-dimensional plane waves spectrum

Enp(x.2) = / A(f)exp(ikz 1—§2+ikx§)d§, (1.21)

— 0

To find the amplitude A(¢), it is necessary to perform the inverse Fourier transform
from the initial complex amplitude of the light field:

N

A(g) = / E(x,z=0) exp(— ikx&)dE, (1.22)

where the amplitude of the initial field (1.22) for the case of an opaque screen is
equal to the Heaviside function:

1, x>0,

E(x,zO){Ox<0' (1.23)

Substituting (1.23) in (1.22) we derive the amplitude of the plane wave spectrum for
the 2D opaque screen:
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(&)

%/exp ikxg) g:%—ié (1.24)
0

where 5(x) is a Dirac delta function. Substituting (1.24) in (1.21) we finally obtain a
non-paraxial description of 2D diffraction at a rectilinear edge:

5 5 dé. (1.25)

1. ; 7 exp (ikz\/ 1-&8+ ikx§)
Enp<x’ Z) = _elkz A / é:

— 0

Integral in (1.25) in limits —c0 < £ < —1 u 1 < & < oo describes contribution to
the light field of evanescent waves, which are noticeable at z < A. In this case, the
longitudinal projection of the wave vector of the evanescent wave is greater than the
wave vector of the incident wave:

k,=k\/& 1>k |&>1. (1.26)

Therefore, near the initial plane (z = 0) negative values of the longitudinal projection
of the canonical energy flux have to be expected. Substituting (1.25) into (1.8) and
considering that the amplitude (1.25) is a linearly polarized TE-wave with the
polarization vector along the y coordinate, only one term remains in (1.8). Let us
find an expression for the longitudinal projection of the canonical flux of
non-paraxial diffraction at the edge of a plane TE-wave in the initial plane (z = 0):

. 7 ik
Poe=Im( L+ /eré —+i \/1—526 de| =
1 o
k 2 5 sin(kx&) 2 sin(kx¢)
N 1+;/\/1—5 : d:—i—;/ £ det
0 0

(1.27)

§N| N
S—_ _
—_

\
S

z.
=
—
Q
s
—
2
=
Il

0
1
k 2 sin( .§)
=7 (1+k) 1+;/\/ — & ——=d¢
0

The last integral in (1.27) is less than mkx/2, because the integrand sin(kx&)/& is

multiplied by a function \/1 — & less than 1, and since the integral sine without this
function is equal to:
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[ sin(ke) | mk
/ng_ = (1.28)
0

Therefore, for negative transverse coordinates x satisfying the condition x < —1/k,
the longitudinal canonical flow (1.27) is negative. In this case, the edge of the
truncated plane wave becomes the source of a cylindrical wave, which, propagating
from the edge of the plane wave along the initial plane, forms a light field with a
wave vector directed in the opposite direction to the optical axis.

1.1.6 Numerical Modeling Results

Figure 1.1 depicts 2D color patterns of intensity (1.3) (a, c¢) and the longitudinal
component of canonical energy flow (6) (b, d) in the (x, y)-plane and their respective
profiles at distances z = /30 (a, b) and z = 24 (c, d) for wavelength A = 532 nm. The
intensity was calculated using (1.3) and the energy flow — using (1.8).

From Fig. 1.1a, c the intensity pattern is seen to comply with Eq. (1.3). With
decreasing distance z, the intensity modulation frequency in the brighter region is
seen to be growing. We note that the distance z is much smaller than the wavelength,
as is the intensity oscillation period. For instance, in Fig. 1.1a about 13 intensity
modulation half-periods fit in a wavelength. From Fig. 1.1b, it can be seen that at
small z, negative values of the canonical energy flow start to be observed almost

Fig. 1.1 2D color patterns
of intensity (1.3) (a, ¢) and
the longitudinal component
of canonical energy flow
(1.8) (b, d) in the (x, y)-
plane and their respective
profiles at distances z = 4/30
(a,b)and z =24 (¢, d) ’ : X

v 370000
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immediately (100 nm from the edge), with the localized negative minima increasing
in magnitude with increasing transverse x-coordinate, whereas the local recurrence
interval is decreasing. At a larger value of z = 24, the intensity in Fig. 1.1c decreases
in magnitude thanks to a diverging diffraction pattern, and the localized intensity
modulation period also increases. Although in Fig. 1.1d an energy backflow is
nowhere to be seen but it does occur, appearing at large values of w or x, as suggested
by (1.9). An energy backflow can be expected to take place at any z, though
appearing increasingly farther from the rectangular screen edge at distance
x proportional to v/Az.

Figures 1.2 and 1.3 depict numerical simulation results of the diffraction of a 3D
plane half-wave using the FDTD method. Simulation parameters are as follows: A is
532 nm, simulation grid is A/30 in all three coordinates, computational domain is
10 x 10 pm in transverse plane, incident wave is a plane wave E|. The observation
plane (first monitor) is located within the coordinates —2 < x < 0 pm, —
2.5 <y < 2.5 pm, x, y are transverse coordinates, z = 0 is the initial plane. The
plane wave source is located within the coordinates 0 < x < 8 pm, 5.5 <y < 5.5 pm,
z = 0. The second monitor for taking the derivative with respect to z is located within
the same boundaries along the x, y axes and at a grid step distance of A/30 along the
z axis from the first monitor. There are PML regions with ideal absorption around the
all calculation area, the PML width is 0.5 pm. Figure 1.2 depicts the intensity [EI%,

~
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>
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E] 2 T T s 02 0
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R T 2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2
X, um X, um

Fig. 1.2 2D grayscale intensity distribution in relative units in the shadow region (a) and its profile
along the x-axis at y = 0 (b) and its enlarged view (c)
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and Fig. 1.3 shows the longitudinal projection of the canonical energy flux, which is
calculated using the expression:

P, — E:Im@¥V@J. (1.29)

P=X)52

It is seen from Fig. 1.2 that there are intensity lobes with a period of approximately
300 nm (less than the wavelength) in the shadow region and the intensity value in
local maxima is less than 1% of the incident wave intensity (from unity). Figure 1.3
depicts the 2D distribution of the longitudinal coordinate of the canonical energy
flux in the shadow region in the same dimensions as the intensity in Fig. 1.2 and its
profiles along the x axis. It is seen from Fig. 1.3 that there is a reverse canonical
energy flux in the shadow region (i.e. at negative values of the transverse coordinate
x). Moreover, the approximate period of its modulation is the same as the period of
intensity modulation in Fig. 1.3c. The magnitude of the reverse flux, i.e. the tilt of the
wave vector in the negative direction of the z axis, is small. The results in Fig. 1.3
confirm the conclusions of the theory that at negative values of the transverse
coordinate (in the shadow region) there is a reverse canonical energy flux (1.27).
We have deduced an analytic relationship, Eq. (1.9), to describe the longitudinal
component of a canonical TE-polarized light energy flow that occurs after the light
beam is diffracted by a rectangular screen blocking half the space. The relationship
derived suggests that at any distance from the screen along the optical axis, a screen-
parallel diffraction pattern is formed with a multitude of fringes parallel to the screen
edge on which the canonical energy flow is negative. Thus, we have concluded that a
localized canonical energy backflow occurs there. An analysis of Eq. (1.9) has
shown that owing to the field phase derivative relative to the longitudinal coordinate
entering Eq. (1.15), the wave-vector is counter-directed to the optical axis. Also,

0 1.0 18 -1.6 -1.4 -1.2 -1.0 0.8 -0.6 04 0.2
X, um

Fig. 1.3 2D distribution of the canonical energy flux in the shadow region (a) and its profile along
the x-axis at y = 0 (b)
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Eq. (1.15) suggests that the canonical energy backflow occurs in those areas where
localized intensity and phase modulation periods are smaller than the wavelength.
Similar to evanescent waves, in the afore-mentioned areas, the local wave-number is
larger than the incident field wave-number. The propagation of light through such
areas can be interpreted as travelling through an aperiodic subwavelength grating,
leading to the generation of evanescent waves and reverse waves with a backward
directed wave-vector. In the case of non-paraxial propagation of a TE-polarized half-
plane wave in the shadow region, where the intensity is almost zero, the reverse
canonical energy flux also takes place (1.27).

1.2 Canonical Energy Backflow in Airy Beams

Accelerating Airy beams are described by a complex amplitude, which is an exact
solution of the 2D paraxial propagation equation [25-27]. They propagate on
parabolic trajectories, although there are also accelerating beams propagating
along hyperbolic paths [28]. The Airy beams and their modifications [29-34] are
used for filamentation [35], micromanipulation [36, 37], in micromachines [38] and
plasmonics [39—41]. It has been demonstrated [9] that in the cross-section of a 2D
nonparaxial Airy beam, a backward canonical energy flow arises. However, the
nonparaxial Airy beam in [9] was only studied numerically, with no analytical
estimations given. An energy backflow was also found to occur in other types of
the optical beams. For instance, the work [42] analyzed superposition of differently
polarized vector vortex Bessel beams, having numerically shown that the longitudi-
nal Poynting vector component can take negative values. In [43], presence of
negative values of the Poynting vector was numerically shown for 2D Bessel
beams, whose amplitude contains a product of two Bessel functions of the order —
1/4 with different arguments. A three-dimensional analogue of this beam has
previously been considered [44]. It has been numerically shown [45] that inside a
dielectric microsphere with a nanohole, a backward canonical energy flow takes
place. It has been shown [10] that on the optical axis of a tightly focused circularly
polarized optical vortex, the longitudinal Poynting vector component can be nega-
tive. In the sense of the negative values of longitudinal Poynting vector component,
the backward energy flow was also found in other beam types [6, 7].

In this paper, we demonstrate both theoretically and numerically that in the far
sidelobes of the intensity pattern of paraxial 2D Airy beams with TE-polarization,
the longitudinal component of the canonical energy flow [15] has negative values. In
this area, the wavevector is directed oppositely to the beam propagation axis.
Besides, in these areas of the backward energy flow, the local period of intensity
and phase modulation is less than the wavelength. A 2D TE-polarized light field
does not have the spin and the canonical energy flow, thus coinciding with the
Poynting vector. In this work, we show that the energy backflow is proportional to
the negative longitudinal component of the wavevector, suggesting that the
wavevector is directed oppositely to the propagation direction of the light field.
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We demonstrate for the first time that this phenomenon arises not only in nonparaxial
Airy beams, but also in paraxial beams, which do not have evanescent waves. The
phenomenon of energy backflow in a nonparaxial Airy beam can be explained by the
presence of local superoscillations regions. The superoscillation effect arises when a
paraxial light field with a limited spatial spectrum can have local amplitude modu-
lations with a period smaller than the boundary values of the Fourier spectrum
[46]. It is also known [17] that near the center of the optical vortex (x + iy)", the
modulus of the wave vector K, equal to the phase gradient
K = |V (narctan(y/x))| =n/+/x* + y?, can be greater than the wave number of the
light wave k = 2n/A.

1.2.1 Two-Dimensional Accelerating Airy Beam

At an arbitrary distance z from the initial plane, similar to a Bessel beam or a plane
wave, the complex amplitude of a 2D Airy beam with infinite energy is given by [25]

E(x,z2) :Ai<s— 542) exp(ikz— if;-ﬁ—isj), (1.30)

where s and £ are the dimensionless coordinates, s = x/xq, £ = z/(kx(z)), x and z are the
transverse and longitudinal coordinates, k is the wavenumber of monochromatic
light, xq is an arbitrary scaling parameter (further, we suppose that xo = 4 with 4
being the wavelength), Ai(x) is the Airy function [23]:

. 1 /x\1/2 2532
Al(x):;(g) K1/3( 3 )

. 1 ir'
Al(x):ﬂ exp| 5+ itx dt.

— 00

(1.31)

The Airy function in Eq. (1.31) is expressed in the integral form through a modified
Bessel function of the second kind K/3(x). The complex amplitude of a finite-energy
Airy beam is also known and given by [27]

2

E,(x,y)=Ai (s — %—i— iaff) X

.3 . ) 2
exp(ikz—%—i—%—&-%— %—i—as),

(1.32)

with @ > 0 being a dimensionless parameter that ensures the exponential decay of
amplitude (1.32) at negative values x. Below, we use an asymptotic representation of
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the Airy function at large argument values and therefore, we can write down [23]
(x — o0):

Ai(—x) = LR +5>. (1.33)

1
NI s‘“(3 4

The intensity of the Airy beam (1.30) is determined only by the Airy function:

o= (s £)) 034

The diffraction pattern of a 2D Airy beam consists of a set of parabolas. The main

parabola, where the greatest of the local maxima resides, can be easily obtained by

equating the argument of the intensity (1.34) to zero:
2

= —. 1.35
4](2)(?0 ( )

1.2.2 Canonical Energy Flow of a 2D Airy Beam

In work [15], it was shown that the Poynting vector includes, up to insignificant
constants, two vectors that describe the orbital (canonical) energy flow P,, and the
spin flow Py,

P=P, + P, =Im(E"(V)E) + 1(VS). S=Im(E'xE). (136

Based on Eq. (1.36), the formula for deriving the longitudinal component of the
orbital energy flow can be written as:

P(,,,Z:Im<E;§ZEX+E;%Ey+EZ*aEZEZ). (1.37)
We will consider here a 2D Airy beam with linear TE-polarization, i.e. the beam
(1.30) has only one component of the electric vector, directed along the coordinate
¥, E\(x, z). Along this coordinate, nothing changes. Thus, in our case, only the
second term is nonzero in the expression for the energy flow (1.37). From Eq. (1.37),
it can be shown that the canonical energy flow equals the intensity multiplied by the
derivative of the phase of field (1.30) with respect to the longitudinal coordinate.
Thus, an expression for the longitudinal component of the canonical energy flow of
the Airy beam (1.30) is given by
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2 :
Poe=tm(E; 3£, ) = B3 - ane(B(r,2) =

AN 0 s ig

At a given distance z, a canonical energy backflow arises at such values x of the
transverse coordinate where the derivative of phase in Eq. (1.38) is negative:

(1.38)

X Z2

k+—— — —5—= <0.
2k 4k

(1.39)

Condition (1.39) is fulfilled for the transverse coordinates satisfying the following
inequality:

2
23"
2k“xy

x < —2k%% + (1.40)

As seen from Eq. (1.40), the energy backflow occurs at the coordinates (x, z) on
parabolas similar to those formed by the intensity maxima and minima of the Airy
beam. Thus, with increasing distance from the initial plane, the transverse coordi-
nates at which the energy backflow occurs are shifted in the positive x-axis direction.
We can obtain transverse coordinates x at which the energy backflow occurs in the
initial plane (z = 0). At z = 0, the energy backflow occurs at

x< —2kx. (1.41)

We note that beams (1.30) and (1.32) are assumed to be paraxial. Thus, such beams
do not produce subwavelength intensity patterns in the transverse planes, i.e. the
scaling parameter x, should exceed the wavelength A. As shown in [9], the paraxial
regime of an Airy beam propagation at small value a = 0.01 starts from the value of
Xo > 24 [9]. For instance, at x, = 24, the transverse coordinate starting from which an
energy backflow occurs is defined by the inequality x < —64n°A ~ —6311. Based on
Eq. (1.33), we find that at this distance from the first, and largest, local intensity
maximum of 0.3—at which the Airy function equals Ai(—1) = 0.54—the intensity is
about 0.017. We note that for the negative coordinates x satisfying inequality (1.41),
the canonical energy flow in (1.38) is everywhere negative, as far as minus infinity.
Equation (1.40) suggests that with increasing distance z from the initial plane, the
boundary of the energy backflow region is being shifted towards increasing negative
transverse coordinates. It is interesting that the energy backflow persists at any
distance from the initial plane z, suggesting that it is generated not due to evanescent
waves, which are present in the nonparaxial case near the initial plane. Our guess is
that in a paraxial Airy beam, the energy backflow is generated due to a specific term
in the beam phase, proportional to xz. This term causes an unlimited growth of the
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longitudinal derivative of phase as the negative transverse coordinate x is decreasing
indefinitely. We can estimate a period of the Airy beam intensity modulation in the
domain of negative coordinates x where the energy backflow occurs. Thus, we will
find how many periods of intensity modulation are contained in 6314? To do so, we
consider the asymptotic relationship in (1.33). Positive maxima of amplitude (1.33)
are at points where the sine equals 1:

xpzxo(%ﬂ(p—l—%))yi p=0,1,2,... (1.42)

Then, the local distance between two neighboring amplitude maxima is approxi-
mately equal to:

2 3\ _ 3.782
AX=Xpp1 —Xp = §x0<§7t) p 13 PR p=12.73,.. (1.43)

Equation (1.43) suggests that with increasing negative values of the transverse
coordinate, the magnitude of the local period of intensity and phase modulation is
decreasing. Using Eq. (1.43), we obtain an approximate number of periods of
intensity modulation p, after which the energy backflow is generated:

3784

pAx = e p=06314,
(1.44)
= (631)3/2 ~4193
- 378 '

Notwithstanding a significant number of intensity modulation periods in (1.44)
along the transverse coordinate at x < 0, prior to the energy backflow occurrence,
the intensity of the energy backflow amounts nearly to 6% of the maximum value.
Thus, the energy backflow can be measured experimentally. It is worth noting that at
the threshold coordinate x in (1.41) of the energy backflow occurrence, the intensity
modulation period is about one fourth of the wavelength. We also note that starting
approximately from p > (3.78)” ~ 54, the local intensity modulation period in (1.43)
is smaller than the wavelength. Therefore, the energy backflow occurs at negative
transverse coordinates x < 0 where the period of intensity and phase modulation is
subwavelength. The magnitude of the longitudinal component of the wavevector of
the light field (1.30) is equal to the z-derivative of phase of field (1.30). Hence, from
Egs. (1.38) and (1.39) it follows that at z = 0, the wave-vector of the Airy beam is
larger in magnitude than the wave-number k:

k— |i|3 < —k, |x|>4k*x ~ 12631 (1.45)
2kx;)
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From inequalities (1.45), it follows that the threshold coordinate x at which the wave-
vector of light field (1.30) is larger than k is twice as large as threshold coordinate
(1.41) of the energy backflow occurrence. Interestingly, amplitudes and phases of
subwavelength period, as well as large wavenumbers, are uncharacteristic of
paraxial light fields. Subwavelength areas in the light field (1.30) can be explained
by the fact that the absolute value of the amplitude of Fourier-spectrum (1.31) is the
same for all spatial frequencies. Therefore, as seen from asymptotic relationship
(1.33), at large absolute values of the negative transverse coordinate x, the local
amplitude modulation period of the Airy beam tends to zero. This can account for the
energy backflow of a paraxial Airy beam.

1.2.3 Canonical Energy Flow for a 2D Nonparaxial
Airy Beam

It has been shown numerically [9] that in the neighborhood of the initial plane, a
nonparaxial 2D Airy beam has a negative canonical energy flow. Here, we derive
analytical expressions for such beams, making up for their absence in [9]. With the
Airy function being a Fourier transform of the cubic phase function in (1.31), the
complex amplitude of a nonparaxial Airy beam in the initial plane can be written as

E(x,z=0) =2zAi(kx) = /0o A(E) exp(ikxé)dE =
. e (1.46)
/ exp (%3 + ikx§> dé.

The function A(§) in Eq. (1.46) describes the amplitude of a 2D plane wave spectrum
of the Airy beam. Then, the complex amplitude of a nonparaxial Airy beam at an
arbitrary propagation distance z from the initial plane reads as:

E(x,z)== / exp<i§+ikx§+ikz\/1—§2>d§. (1.47)

— 00

Differentiation of Eq. (1.47) with respect to the longitudinal coordinate yields:
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aa E(x,z)=

ik /oo\/l—f exp( + ikx + ikzo/ 1 f)d&f

Supposing that, like in a TE-wave, field (1.47) is the y-component of the electric field
strength vector, the longitudinal component of the canonical energy flow in the
initial plane (z = 0) can be written as:

. 0
Im(E aZE> .

= 27kAi(kx) /\/1—§zcos®(§)d§— (1.49)
—1

] \/ & — 1sin ®(&)dE — /m\/éz—lsinq)(é)dé),

oo 1

(1.48)

with

53
D(§) = % + kL.

Since the function @(¢§) in Eq. (1.49) is odd, two last integrals cancel each other and
Eq.(1.49) is reduced to

1
P, = 4mkAi(kx) / \/1—E cos @(&)dé |. (1.50)
0

The Airy function in (1.50) is alternating and the integral can have negative values.
Therefore, near the initial plane of the nonparaxial Airy beam (1.46) or (1.47), an
energy backflow occurs in the regions where the Airy function and integral (1.50) are
of different sign. An energy backflow in nonparaxial Airy beams was also discov-
ered in [9], but the expression (1.50) for the canonical flow in the initial plane was
not obtained. Besides, the main contribution into the backflow in the initial plane
was supposed [9] to be given by evanescent waves. Expression (1.50) confirms the
said supposition, as from Eq. (1.50), the complex amplitude of the Airy beam is seen
to also consist of evanescent waves, because the plane waves spectrum in (1.50) is
integrated from negative to positive infinity. Separating in (1.50) the intensity and
the z-derivative of phase yields:
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Pore = |E(x2) -2 argE(r,2) =

0z
/\/175 cos D(¢&
4rk|Ai(kx ) A , (1.51)
/1\/1—52 cos @(&)dE
0

0
k= 5 argE(x.2) =

Ai(kx)

From the second equation in (1.51), it is seen that near the zero of the Airy function
in the denominator, the longitudinal projection of the wave-vector k, will tend to
infinity when x tends to xo, Ai(kxp) = 0. On passing through the zero intensity point,
the wave-vector projection changes sign, which means that an energy backflow
occurs near the intensity null.

In work [9], a finite-energy Airy beam was discussed. In this case, instead of
Eq. (1.47), the complex amplitude reads as:

Eq(x,z)= / exp(a’ —3a&” — i3a*é+

3
é +lkx§+lk2\/ Zj>d§ a>0.

In Eq. (1.51), a is a dimensionless constant that makes the energy of the Airy beam
finite. Then, instead of Eq. (1.50), we obtain the following longitudinal component
of the canonical energy flow:

(1.52)

g‘;)z =4rkAi(kx) exp (kx )

/ exp \/mcos D,( , (1.53)

0

& o
Do) = 5 + kot — a*¢.

Similarly to Eq. (1.50), Eq. (1.52) also indicates that near the origin, the canonical
energy flow can have negative values when the Airy function and the integral in
(1.52) are of different sign.
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1.2.4 Numerical Simulation Results

Using Eq. (1.30) for a paraxial 2D Airy beam, we computed its intensity distribution
(Fig. 1.4a) along the transverse coordinate x and the distribution of the longitudinal
component of the canonical energy flow (Fig. 1.4b) in the initial plane for the
wavelength A = 532 nm and scaling parameter x, = 24. Figure 1.1a shows that at
x = —J, the maximum intensity is close to 0.3 in relative units. The canonical flow
(Fig. 1.4b) is seen to be positive and very close in shape to the shape of the intensity.
The field amplitude and intensity at different distances from the initial plane were
computed by formula (1.30), whereas the energy backflow was computed by using
the general expression in (1.37), with the phase being differentiated numerically
using two complex amplitudes in two nearby planes.
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Fig. 1.5 Profiles of (a) L au. (a)
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Figure 1.5 also illustrates profiles of the intensity (Fig. 1.5a) and the canonical
energy flow (Fig. 1.5b) in the initial plane of the same beam and at the same
parameters as in Fig. 1.4, but at a greater transverse distance from the origin for
the negative transverse coordinates. In Fig. 1.5, transverse sections of the intensity
and the energy flow are shown in the interval from —6334 to —6304. As seen in
Fig. 1.5, the intensity at such a large distance from the origin decreases and amounts
to nearly 5% of the maximal intensity. The transverse coordinate x = —631.51is a
threshold after which a backward canonical energy flow occurs. The energy flow
remains negative at any negative coordinate x smaller than the threshold value. The
numerically calculated threshold coordinate is almost the same as the threshold
coordinate predicted theoretically in Eq. (1.41): x < — 647°A4 = — 631A. The
numerical simulation has shown that the energy backflow occurs at distances larger
than several wavelengths from the initial plane. Thus, we can infer that the energy
backflow in a paraxial Airy beam occurs not due to evanescent waves, whose
magnitude is significant at a distance of about one wavelength, but due to a



22 1 Canonical Energy Flow in 2D Laser Beams
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peculiarity of the phase function of Airy beam (1.30). It can be said that the Airy
beam with unlimited energy is actually ‘limited’ as only its part (up to a threshold
coordinate) propagates in the positive direction of the optical axis.

Shown in Fig. 1.6 are simulation results of a nonparaxial Airy beam. The scaling
parameter was chosen to be less than the wavelength, x, = 0.24. The beam has a
finite energy, a = 0.1. The amplitude and intensity distribution of the nonparaxial
Airy beam at distance z = 0.024 from the initial plane was computed by Eq. (1.47).
Figure 1.6 illustrates distributions of the intensity (Fig. 1.6a) and the longitudinal
energy flow (Fig. 1.6b) near the initial plane of the Airy beam, computed using
expressions (1.47) and (1.37). From Fig. 1.6, the period of intensity modulation is
seen to be about one tenth of that in Fig. 1.4, as is the parameter x,. It is also seen that
the energy flow pattern is near the same as that in Fig. 1.4. As seen in Fig. 1.6b, the
energy backflow at the chosen parameters already occurs in the first and the second
sidelobes, which is consistent with the results of work [9]. Besides, the energy
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backflow is four times smaller than the forward energy flow. From Fig. 1.6, the
energy backflow is seen to first occur exactly at the zero-intensity point, with its
coordinates derivable from (1.50). With the first zero of the Airy function being
known to be approximately defined by kx = —2.34, the intensity null is at x = —
0.37A, which is seen to comply with Fig. 1.6. The presence of the intensity null
allows us to devise a mechanism of generating the reverse energy flow, which we see
as follows. On passing through the intensity null point, the phase experiences a phase
jump by =. On further propagation along the z-axis, an intensity minimum will be
found at the same point x, instead of the intensity null. On passing through this
minimum, the phase will change smoothly by a value less than &, suggesting that
with increasing z, the phase is decreasing rather than increasing. This scenario is
only possible if the light wave propagates backwards. From Fig. 1.6, the maximum
backward energy flow is also seen to comprise one fifth of the maximum direct
energy flow.

To demonstrate a more realistic situation, we numerically simulated the free-
space propagation of a 2D Airy beam with linear polarization along the y-axis. Along
this axis, the Airy beam remained unchanged, Ai(x, z = 0). The numerical simulation
was conducted by using vector Rayleigh-Sommerfeld integrals. For the field com-
ponent E|, the Rayleigh-Sommerfeld integral is given by [47]:

vW(z2>0)= // u,v,z=0 exp(lkL) (k - —)dudv (1.54)

where L = [(u — x)* + (v — y)* + z°]"%, z is the longitudinal coordinate, k is the

wavenumber of light of wavelength 1. The field component E, can be derived from
the initial transverse field component E\;:

E (x,y,2>0)= // (u,v,0)(u—y) ——= exp(sz) (k— —)dudv (1.55)

The numerical simulation was performed with the following parameters: a
1200 x 1200-pixel initial field of 10.6 x 10.6 pm (~ /60 per pixel), the wavelength
A =532 nm, E, = Ai(x/x), and xo = 0.24. A 600 x 50-pixel output field with the
computing domain of —1 pm < X < 0.5 pm, —0.024 pm <Y < 0.024 pm. The field
was computed twice, at a 10-nm and 20-nm distance from the initial plane, in order
to obtain the z-derivative. Figure 1.7 shows cross-sections of the resulting field:
intensity [EI* (Fig. 1.7a) and the longitudinal canonical energy flow component, P, ,
(Fig. 1.7b). The energy flow was computed using Eq. (1.37). Accounting for the
longitudinal component of field (1.54) left the intensity pattern (Fig. 1.7a) almost
unchanged, when compared with the pattern in the initial field (Fig. 1.6a).
Figure 1.4b shows that a canonical backflow occurs (in the first and third sidelobes).
In addition, the energy backflow amplitude is seen to be nearly 6 times lower than
that of the direct energy flow. Considering that the intensity modulation period is
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about half the wavelength, the energy backflow is generated due to evanescent
waves near the initial plane. A comparison of energy backflows in the nonparaxial
2D Airy beam (Fig. 1.6b) and the vector 3D Airy beam (Fig. 1.7b) shows them to be
similar.

Summing up, we have analyzed a well-known two-dimensional paraxial Airy
beam with unlimited-energy, Eq. (1.30), having derived a simple analytical expres-
sion for the longitudinal component of the canonical energy flow, Eq. (1.38). The
Airy beam under analysis was assumed to be TE-polarized. We have derived
expression (1.40) that defines a threshold transverse coordinate such that for all
smaller negative transverse coordinates, a negative canonical energy flow starts to
occur near the initial plane. The intensity sidelobes of the Airy beam with unlimited-
energy have been shown to decay slowly. We have shown that in the local region
where the energy backflow begins, the intensity is about 6% of the maximal intensity
of the first lobe, but the distance to this region from the origin is nearly 630 wave-
lengths, Eq. (1.44), and the number of sidelobes exceeds 4000. The scaling factor
(xo = 24) of the Airy beam was chosen such that the beam would remain paraxial.
The energy backflow has been revealed to occur at an arbitrary distance from the
initial plane, since the energy backflow in a paraxial Airy beam is generated not due
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to evanescent waves, but due to a specific term in the beam phase that is proportional
to the product xz. This term leads to the unlimited increase of the longitudinal phase
derivative at the unlimited decrease of the negative transverse coordinate x. In a
nonparaxial finite-energy beam with a scaling factor x, = 0.24, the energy backflow
occurs only near the initial plane, starting as early as the second sidelobe [9]. We
have reproduced the numerical simulation reported in [9], having validated the
results (Fig. 1.6). In addition, we have theoretically predicted, Eq. (1.52), that near
the initial plane of a nonparaxial 2D Airy beam, a backward canonical energy flow
occurs near the central lobes of the Airy function. To numerically simulate a more
realistic situation, we employed the Rayleigh-Sommerfeld integrals and computed
the free-space propagation of a 2D linearly polarized Airy beam, Eq. (1.53), while
accounting for the longitudinal field component in (1.54). In this case, a backward
canonical energy flow (Fig. 1.7b) was also observed near the initial plane. Although
the evanescent waves are present in the near-field of the Airy beams in Fig. 1.6, these
are not the reason why a backward energy flow occurs. Instead, the reverse energy
flow occurs due to isolated intensity nulls, as in a local subwavelength region in their
vicinity, the beam propagates in the negative direction to compensate for a phase
jump by =.

For the reverse energy flow in the near field to be measured experimentally, a
non-paraxial Airy beam needs to be generated. The amplitude (1.46) of a
non-paraxial Airy beam is a complex function. To implement the Airy beam
phase, phase jumps by © need to be realized. This can be done through the use of
a glass plate with a step-wise relief, with the step depth providing the designed
n-phase delay. For the glass plate, the required step depth would be about a
wavelength of incident light. After travelling over the required near-wavelength
distance providing the phase delay of =, the near-field condition is fulfilled no
more. Besides, for the intensity to be measured with a subwavelength accuracy, a
near-field scanning optical microscope needs to be utilized. The aforesaid factors
make experimental measurements of the reverse canonical energy backflow in the
near field of the Airy beam challenging.

It is known that other curvilinear beams exist with sharp bending paths, such as
half-Bessel, Weber and Mathieu beams. It can be supposed and investigated in future
that the canonical energy backflow also exists in such beams and conditions of this
backflow are also to be determined both in paraxial and nonparaxial limits.

1.3 Backward Canonical Energy Flow at the Near Field of a
Non-Paraxial 2D Sinc-Beam

The canonical energy flux vector of light introduced into optics in [12, 48, 49] is only
a part of the Poynting vector associated with the orbital energy flux without taking
into account the spin flux. The reverse canonical energy flux found, for example, in a
2D non-paraxial Airy beam in [9] differs from the reverse energy flux found using
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the Poynting vector in a sharp focus [1, 2, 10] and in diffraction-free beams
[6, 7]. For vector fields, negative values of the Poynting vector longitudinal com-
ponent occur when the longitudinal projection of the orbital canonical flux vector,
which is directed in the forward direction, is smaller in modulus than the longitudinal
component of the spin flux vector, that is directed in the opposite direction [16]. The
inverse canonical energy flux in a non-paraxial Airy beam [9] occurs near the initial
plane, where inhomogeneous evanescent waves are present. Theoretical works
[50, 51] are also related to the canonical reverse flow, in which the probabilities of
the reverse flow of a superposition of several plane waves are considered. In [15] it is
shown that the canonical energy flow in propagating paraxial vortex beams is
positive and the azimuthal part of the canonical flow is directed in one direction,
determined by the sign of the topological charge and does not depend on the
polarization state of the beam. In [43] the reverse flow was found for 2D Bessel
beams, the amplitude of which consists of the product of two Bessel functions of the
order of —1/4 with different arguments.

In this section, several non-paraxial 2D TE-polarized beams are considered.
Using plane wave expansion, explicit expressions are obtained for the longitudinal
projection of the canonical energy flux vector in the initial plane. These expressions
are the product of the light field amplitude in the initial plane and the longitudinal
derivative of this amplitude. For a sinc beam, this derivative can be obtained as a
cylindrical function. For all beams, a reverse canonical flux is found and shown to
arise in the presence of evanescent waves. Moreover, the reverse flux appears in the
odd side lobes (antinodes) of the standing evanescent wave. If the beam parameters
are chosen such that they do not have evanescent waves, then the reverse energy flux
does not appear near the initial plane.

1.3.1 Canonical Energy Flow of a 2D Sinc Beam

Let us consider a 2D TE-polarized non-paraxial sinc beam whose plane wave
spectrum amplitude is described by the rect function (by a step). Then the complex
amplitude of such a beam in the initial plane (z = 0) is equal to:

E(x.z=0) = / A(8) expliked)d =

- (1.56)
£ ) _,_ sin(kxa)
/ rect (a exp(ikx&)dé =2a ~oa
In (1.56) x is the transverse coordinate, z is the longitudinal coordinate, k is the wave

number of light, a is a dimensionless parameter that determines the plane waves
spectrum half-width (if a > 1, then the spectrum also contains evanescent waves).
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A(&) = rect(2£/a) is the amplitude of the plane waves spectrum. We say “in the initial
plane”, although there is only one transverse coordinate x in (1.56). The light field
(1.56) also describes a 3D problem, which has two Cartesian coordinates in the
transverse plane (x, y), but nothing changes along the y coordinate, only the linear
polarization vector is directed along this y coordinate. The complex amplitude of the
sinc beam at any distance z can be expressed as:

E(x,z)= /OOA(f)exp(ikxé—sz\/l—iéz)df:

— (1.57)

/a exp (lkxf +ikz\/1 =& >d&f

—a

The derivative of field (1.57) with respect to the longitudinal coordinate z in the
initial plane can be written as:

0
a—ZE(x, 2)

=ik / \/ 1 — & exp(ikx&)dE. (1.58)

Next, we find an expression for the longitudinal coordinate of the canonical energy
flux in the initial plane for the sinc beam (1.57). The Poynting vector P, up to
insignificant constants, consists of the sum of two vectors [12, 48, 49], which
describe the orbital energy flux (canonical energy flux) P,, and the spin flux P,:

P=P,, + P, =Im(E"(V)E) + 5 (V xS),
S—Im(E* xE).

(1.59)

In (1.59) S is the spin angular momentum. The longitudinal projection of the orbital
energy flow, according to (1.59), is described as follows:

) . 0 0
Pa,,z_1m<E 5Bt By g B+ El o ) (1.60)

Since in our 2D case of diffraction with TE polarization there remains only one
projection of the electric field strength vector (1.57), we substitute it into (1.60), and
obtain (a > 1):
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]
Pnr,z =Im <Ey az Ey> .
1 -1 a
i/\/l—fze”“fdf— /\/52—14"“5415— /\/52—18""‘5(1 =
—1 —a 1

sm(kxa) N

CIm [Zaksin(kxa) y
0 kxa

2ak ———=

/\/1— cos(kx&)dE — /\/f—lsmkxédf—
/\/5 1 sin(keg)dé | = dak SnKxQ) /1\/1—5 cos(kx&)de.
0

(1.61)

In (1.61) two integrals in symmetric limits on —a to —1 and from 1 to a of the odd
function sin(kx&) compensate each other. The last integral in (1.61) is reference [51],
so instead of (1.61) we obtain:

1
Py, =4ak——= sin( kxa / \/ 1 — & cos(kxf)dé =
0

e <kx)fl<kx>

The longitudinal projection of the canonical energy flux in the initial plane is seen
from (1.62) to be negative when the sin(kxa) function is negative and the J; (kx)/(kx)
function is positive. Conversely, there is a reverse flux where the sin(kxa) function is
positive and the J;(kx)/(kx) function is negative. The period of the sinc function in
the initial plane is less than the wavelength, x = A/a, if a > 1. The reason for the
formation of the reverse flux (1.62) is that evanescent waves contribute to (7) at
a > 1. Let us consider a simplified plane waves spectrum A(£) to get rid of the
integrals in (1.57). Let the symmetric (even) plane waves spectrum consist of three
delta functions (a > 1):

(1.62)

dak

A(E) =AS(E) + BS(¢ —a) + B5(& —a). (1.63)

A and B in (1.63) are real constants. Then the complex amplitude of the non-paraxial
2D light field (1.57) takes the form:



1.3 Backward Canonical Energy Flow at the Near Field of a Non-Paraxial... 29

E(x,z) =Aexp(ikz) + 2Bexp (— kzvVa? — 1) cos(kxa). (1.64)

The light field (1.64) is a plane wave propagating along the z axis and a standing
wave decaying along the z axis, formed by two evanescent waves propagating along
the x axis in both directions. The period of the standing wave along the x axis is
a times smaller than the wavelength, A/a. It is easy to find the longitudinal canonical
flux (1.60) of the field (1.64) in the initial plane (z = 0):

P,r. =k(A + 2Bcos(kxa)). (1.65)

The reverse flow is seen from (1.65) to occur if A < 2B. The nature of the canonical
reverse flow near the initial plane is seen from (1.65). The reverse flow is formed in
the presence of evanescent waves in those places where the amplitude of these waves
is negative (in the odd antinodes of the standing wave). The evanescent waves
themselves do not transfer energy along the z-axis, but, strangely enough, they
participate in the formation of the canonical flow along the z-axis. This happens
because the complex amplitude (1.64) is a linear combination of propagating and
evanescent waves. Therefore, the evanescent waves participate in formation of the
phase function of the entire field, and affect the sign of the longitudinal derivative of
the phase function. The conclusion that the evanescent waves are responsible for the
reverse flow formation is also confirmed by the fact that there is no reverse flow,
when a < 1 and no evanescent waves present. Therefore, we can agree with the
explanation of the reason for the reverse flow formation given in work [9], that the
reverse flow is formed due to the interaction of evanescent and propagating waves.
Note that since for a monochromatic 2D light field with TE polarization there is
only one projection of the magnetic field:
Hu(0) = L2 B (r2) =

— [ 1 — E2A(8) exp | ikxé + ikz\/ 1 — & ) dE,
| Vi-enoen(insiei-¢)

then the longitudinal component of the canonical energy flux (1.60) for 2D fields
with TE polarization coincides with the longitudinal projection of the Poynting
vector (up to a constant):

(1.66)

P,= —Re(Ef,Hx) — Re (E; - ’EE),) -

k0
| 5 1 ¢ (1.67)
%Im<Eya—ZE}> = Epor’z.
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1.3.2 Canonical Energy Flux of a 2D Gaussian Beam
in the Initial Plane

For a 2D Gaussian beam, we can obtain an expression for the canonical energy flux
in the initial plane, similar to expression (1.62) for a sinc beam. In this case, the
amplitude of the Gaussian beam in the initial plane do not have negative values, but
the reverse flux is present, since the Gaussian amplitude is multiplied by the
alternating function J;(kx)/(kx). Indeed, it is well known that the Fourier transform
of a Gaussian function is a Gaussian function. Therefore, instead of expression
(1.56) for the Gaussian beam, we obtain:

E(r.z=0) = / A(E) exp(ikug)dé =

N (1.68)
/ exp (— §—2> exp(ikx&)dé = av/m exp (— kz);ﬁ) .

a2

In (1.68) a is a dimensionless parameter that determines the width of the plane wave
spectrum. Evanescent waves are always present in the Gaussian beam spectrum, and
the larger a, the greater the contribution to the beam amplitude is made by the
evanescent waves, and the narrower the Gaussian beam is in the initial plane. The
radius of the Gaussian beam (1.68) in the initial plane is equal to:

w=— =, (1.69)

If za > 1, then the radius of the Gaussian beam is clear from (1.69) to be less than the
wavelength, i.e. the Gaussian beam (1.68) is non-paraxial. The derivative with
respect to z in the initial plane can be written similar to (1.58):

> 2
O:ik / \/lézexp(%Jrikxdf)déj. (1.70)

Next, similarly to (1.61), it can be shown that the evanescent waves are not
contribute to the canonical flux in the initial plane, and the final expression for the
canonical flux for a non-paraxial 2D Gaussian beam is:

1
Poy.. = 2ak+/T exp < szxz) / \/1—Eexp ( f;) cos(kx&)dE.  (1.71)
0

(%E(x, 2)

=




1.3 Backward Canonical Energy Flow at the Near Field of a Non-Paraxial... 31

For large values of the parameter @ > > 1, the integral in (1.71) is similar to the
integral in (1.62) and have both positive and negative values. That is, the Gaussian
beam in the initial plane also have a reverse canonical flux, like the sinc beam (1.62).
This reverse flux is formed due to the fact that the complex amplitude of the
Gaussian beam is contributed by evanescent waves, since in the integral (1.68) the
integration occurs from minus infinity to plus infinity, although the evanescent
waves are not included in the integral in (1.71). For large a >> 1, the radius of
the non-paraxial Gaussian beam is much smaller than the wavelength, and the
Gaussian exponent under the integral in (1.71) can be replaced by 1 in the integration
interval. Then the integral in (1.71) is equal to the integral in (1.62) and is equal to
2mJ,(kx)/(kx). Therefore, the negative values of the canonical energy flux in (1.71) is
at a distance greater than half the wavelength from the center of the initial plane,
although the radius of the Gaussian beam in the initial plane is much less than half
the wavelength and the intensity value is almost zero where there is a reverse flux.
Numerical simulation has revealed a very weak reverse flux in the non-paraxial
Gaussian beam (1.70).

1.3.3 Canonical Energy Flux of a 2D Hankel Beam
in the Initial Plane

A 2D non-paraxial Hankel beam is also known, similar to the sinc beam. The
difference is that the Hankel beam has a singularity in the initial plane (z = 0) at
the center (x = 0). This is a point source of a cylindrical wave that propagates in the
positive direction of the z-axis. For such a beam, it is also possible to obtain an
expression for the canonical energy flux in the initial plane, close in structure to
expression (1.62), but with a singularity. Here we use reference integrals [52]:

[ sin(keé) e T
[ = 3ok
00cos(k\x|!§)d _ Ty 1.72
1/52_1 &= 75 Yo(klxl). (1.72)
1
cos(kx¢) .. =
0

VI1i=¢

In (1.72) Yy(x) is the Neumann function. Then the complex amplitude in the initial
plane for a beam with an angular spectrum equal to
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1
. lEl<1,
0
A= VI~* (1.73)
ﬁ, €] > 1,

In (1.74) Hf)z) (x) is the Hankel function of the second kind. The derivative with
respect to z in the initial plane have the form (1.58). Then for the longitudinal
projection of the canonical energy flux vector for field (1.68) in the initial plane
we obtain an expression similar to (1.61):

a
Por7—lm( )a > o
—Im [;zkH (k|x]) /\/1f EA(E)ede —

] V& - 1a@ecae - / Ve - 1ageniae) - (175)
1

Im[zk(Jo(kx) + i¥o(k|x])) x

1 —1

i exp(tkxé)dé — exp(tkxé)dé — | exp(ikxé)dd =

Jowiwai [ omiae |

sin(kx)
kx

wk (Jo(kx) + Yo (k|x|)) — 22°kY o (k|x|)8(kx).

In (1.75) 8(x) is a delta function. The Hankel beam (1.74) is clear from (1.75) to have
a singular point source in the center of the initial plane. But the second term near the
initial plane is finite and the reverse flow arises in the center of the beam, since the
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Neumann function Yy(kx) in (1.75) has a negative value near zero (kx << 1) and is
larger in absolute value. Modeling confirms this conclusion.

1.3.4 Numerical Simulation

The simulation of the sinc beam propagation in the near zone is performed using the
Rayleigh-Sommerfeld integral. The field (1.57) is considered TE-polarized, i.e. the
initial field has a linear polarization along the y-axis: E, = 2a sinc (kxa), a = 3. The
initial field is 1000 x 1000 samples (sample size is approximately A/53), the
wavelength is A = 532 nm. Figure 1.8 depicts the initial field amplitude (1.56).
Shown in Fig. 1.9 are the intensity [E|” at a distance of 10 nm from the initial plane
(a) and the longitudinal projection of the canonical energy flux P, , (1.62) also at a
distance of 10 nm from the initial plane. The domain size is 1000 points within the
boundaries (—0.5 pm < x < 0.5 pm). The field is calculated twice, at a distance of
10 nm from the initial plane and at a distance of 20 nm from it for the difference
taking of the derivative with respect to z.

At a = 3 the period of the side lobes is seen from Fig. 1.8 to be approximately
3 times shorter than the wavelength. And it follows from Fig. 1.9b that the reverse
flow arises already in the first side lobe, and its magnitude is approximately 20% of
the maximum forward energy flow. It is clear from a comparison of Figs. 1.8 and
1.9b that the negative flow almost coincides with the first negative side lobe of the
sinc field amplitude. This modeling confirms the conclusions made on the basis of
Egs. (1.64) and (1.65) that the reverse flow near the initial plane is formed where the
amplitude of the evanescent waves has negative values. Note that the nature of the
reverse flow formation is similar to the formation of the reverse flow on the output
surface of a gradient microlens, which was discovered in [53]. Interestingly, mea-
suring the energy flow instead of measuring the intensity (energy density) makes it
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possible to increase the resolution of gradient optics, which constructs an image near
its output surface.

Figure 1.10 depicts the numerical simulation results for the sinc beam (1.57),
obtained in a different way, not using the Rayleigh-Sommerfeld integrals, but based
on the expansion in plane waves (1.57). The flux was calculated using the general
formula (1.60). Figure 1.10 shows the intensities at a = 0.8 (a) and a = 3 (¢) in the
initial plane for the sinc beam, as well as the longitudinal projections of the canonical
energy flux at @ = 0.8 (b) and a = 3 (d). It is clear from Fig. 1.10 that in the absence
of evanescent waves at ¢ = 0.8 there is no reverse flux (b). And if evanescent waves
are present near the initial plane at a = 3 (d), then there is a reverse flux. Moreover,
the reverse flux arises in the first side lobes of the amplitude and intensity, where the
evanescent standing waves have odd antinodes (compare Figs. 1.9b and 1.10d), or
where the electric field vector y component of the evanescent standing waves is
negative.

Shown in Fig. 1.11 is the simulation result of a non-paraxial Gaussian beam
propagation (1.68) using the plane wave expansion (1.57). Figure 1.11a shows the
distribution of the longitudinal projection of the canonical energy flux in the initial
plane of the Gaussian beam (1.68) with a waist radius of A/4. Note that the intensity
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Fig. 1.10 Intensity profiles along the x-axis for a = 0.8 (a) and a = 3 (c) in the initial plane for the
sinc beam (1.57), as well as longitudinal projections of the canonical energy flux for a = 0.8 (b) and
a = 3 (d). The wavelengths are plotted along horizontal axis, and relative units along vertical axis

distribution of the Gaussian beam is almost the same as the distribution in Fig. 1.11a.
Such a beam has a reverse flux, which coincides in place with the odd side lobes of
the standing evanescent wave near the initial plane. The places where there is a
reverse flux are highlighted by vertical lines in Fig. 1.11b. Where the line coincides
with 0, the energy flux is positive, and where the line coincides with 1, the flux is
reverse. The magnitude of this reverse flux is extremely small and is equal to 10~° of
the direct flux. This occurs because the contribution to the total field of the evanes-
cent waves is different. For example, for a sinc beam, the amplitude modulus of the
plane wave spectrum is 1 for both propagating and evanescent waves. In this case,
the contribution of evanescent waves to the total field is significant. But for a
Gaussian beam, the amplitude of the plane wave spectrum decreases exponentially
for evanescent waves. Therefore, the contribution of such waves is weak, and the
reverse flow is also weak.

Below are the results of numerical modeling the Hankel beam propagation
(1.74) using the Rayleigh-Sommerfeld integral [47]. The initial field is taken to be
1000 x 1000 counts in size, 10 x 10 pm (the count size is approximately A/53), the
wavelength is A = 532 nm. The output field has a size of 1000 x 10 counts within



36 1 Canonical Energy Flow in 2D Laser Beams

Porz, a.u. (a) 1.00 -Pz.z<_0 — = (b -
0.60
0.40

0.50
0.20
J \ x/A x/A

0.00 049

4 2 0 2 4 -4 2 0 2 4

Fig. 1.11 Poynting vector longitudinal projection distribution for a Gaussian beam (1.68) with a
waist radius of /4 (where a = 4/ > 1) in the initial plane (a) and the distribution of areas in which a
reverse energy flow occurs (where the black line is equal to 1) (b). The wavelengths are plotted
along the horizontal axis

the boundaries of (—1 pm < x < 1 pm), (=10 nm < y < 10 nm). The field is
calculated at a distance of 10 nm from the initial plane. The intensity of the Hankel
beam near the initial plane is clear from Fig. 1.12 to rapidly decrease and the
reverse flow occurs in the center (at the point of maximum intensity). The
magnitude of the reverse flow is 2 times greater than the maximum value of the
forward flow.

The following results are obtained in this section. For a 2D non-paraxial
TE-polarized sinc beam (1.56), an explicit expression for the longitudinal compo-
nent of the Poynting vector is obtained (in this case, the canonical energy flux)
(1.62). It follows that near the initial plane, such a beam has a reverse canonical
energy flux, which is about 20% of the maximum value of the forward flux. It is
shown that the reverse flux arises already in the first side lobes of the sinc beam
complex amplitude, where the amplitude of the evanescent standing waves is
negative (in odd antinodes) (1.65). For a Gaussian beam (1.68), the canonical flux
cannot be reduced to explicit functions, and the expression for the flux includes an
integral describing only the propagating waves (1.71). The evanescent waves are
included in the amplitude of the Gaussian beam in the initial plane (1.68). The
contribution of the evanescent waves to the total field is much weaker than for a sinc
beam. Therefore the reverse canonical energy flow in the Gaussian beam is very
weak and is a millionth of the forward flow. The reverse flow still occurs in those
places where the z-projection of the evanescent waves flow is negative (Fig. 1.11b).
For the Hankel beam (1.74), an explicit expression for the energy flow near the initial
plane (1.75) is also obtained, and the reverse flow is clear from it to occur in the
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Fig. 1.12 Intensity profile 8
of the Hankel beam (1.74) at a) 7_'
a distance of 10 nm from the ]
initial plane (a) and the 64
longitudinal component 1
profile of the canonical " 5 ]
energy flux (1.60) for this S 44
beam at the same distance LA
from the initial plane (b) 37
2 4
74
0 1 v T L T 4 3 . T T 3 > ¥ T 4 5 X ]
-1 0 1
X, um
x108
] 4
’ M/\/\ (\/\M
0 :
S ]
-1
<
-2
'3 ] T T T
-1 0 1
X, um

center of the beam. It is larger in magnitude than the forward flow (Fig. 1.12b). The
reverse flow in nanoscale regions of two-dimensional non-paraxial light fields was
also considered in [54-56].
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Chapter 2 ®)
Reverse Canonical Energy Flow Without <z
Evanescent Waves

2.1 Non-paraxial Sinc Beam Without Evanescent Waves

The problem of the reverse (negative) flow of light energy has been known for a long
time [1]. This is understood as the presence of negative values of the longitudinal
component of the Poynting vector. Negative values of the Poynting vector were
found in the tight focus of vector light beams [1-4], in the cross section of
non-paraxial Bessel beams [5] and X-beams [6]. However the Poynting vector has
one drawback: it is defined with an accuracy of up to the rotor of any continuous
function. The Poynting vector is included in the differential law of conservation of
energy in the form of divergence, and the divergence from the rotor is zero.
Therefore, the Poynting vector consists of the sum of two vectors: the canonical
energy flow and the spin flow [7, 8]. For example, in two-dimensional (2D) light
fields, there is only one projection of the electric field strength, and therefore for such
fields the Poynting vector coincides with the canonical energy flow. In [9-11], the
reverse canonical energy flow was found for some 2D light fields. For the sake of
completeness, we note that reverse flow was also found in quantum mechanics [12],
in plasmonic lenses [13], in light fields with superoscillations [14], and at the focus
of spiral laser beams [15].

Previously, we have shown [11] that 2D non-paraxial laser beams of three types
with TE polarization have a canonical reverse energy flow in the near field. That is,
the wave vector of the light field in the initial plane has a negative longitudinal
projection. In [11], the authors associated this reverse energy flow with the presence
of evanescent waves in the near field. In this section we show that the reverse
canonical flow for a sinc-beam also occurs without evanescent waves. It is also
shown that with a decrease in the degree of non-paraxiality of the beam, the
magnitude of the reverse flow decreases, and a paraxial sinc beam has no
reverse flow.
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42 2 Reverse Canonical Energy Flow Without Evanescent Waves

2.1.1 Reverse Canonical Energy Flow for a Sinc-Beam
with the Evanescent Wave

Consider a 2D TE-polarized non-paraxial sinc-beam; its plane wave spectrum
amplitude is described by the rect-function (step function). Then the complex
amplitude of such a beam in the initial plane (z = 0) will be:

E(x,z=0)= / A(&) exp(ikx&)dé =

(2.1)

/ rect (g) exp(ikx&)dE =2a w .

— 0

In (2.1) x, z are the transverse and longitudinal coordinates, k = 27/ is the wave
number of light with wavelength 4, a is a dimensionless parameter that determines
the half-width of the plane waves spectrum (if @ > 1, then the spectrum also contains
evanescent waves). A(§) = rect(&la) = {1, 1€l < a; 0 I& > a} is the amplitude of
the plane waves spectrum. The complex amplitude of the sinc-beam at any distance
z will be:

E(x,z)= / A(€) exp(ikxé’—i—ikz\/l—é’z)dé:
/ exp (ikxef + ikzy/1 — 52>d§.

—a

(2.2)

The derivative of the field (2.2) with respect to the longitudinal coordinate z on the
initial plane will be:

0
a—ZE(x, 2)

=ik / \/ 1 — & exp(ikxé)dé. (2.3)
z=0 24
The Poynting vector, up to irrelevant constants, consists of the sum of two vectors
[1-3] that describe the orbital energy flux (canonical energy flow) P, and the spin
flow Pg,:
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P=P,, + P, =Im(E"(V)E) 5 (V xS).
S —Im(E" xE).

(2.4)

The longitudinal projection of the orbital energy flow, according to (2.4), could be
calculated using the formula:

_ . 0 . 0 . 0
Pwlm<E 3Bt By g By +E aZE). (2.5)

Since in our 2D case of diffraction with TE polarization there remains only one
projection of the electric field vector (2.2), we substitute it into (2.5), and obtain
(a>1)

O,
a z=0
(kxa) 1 (2.6)
sin(kxa o
4ak o / /1 cos(kx&)dé
0
The integral (2.6) is known [15]; therefore instead of (2.6) we get:
P, . =4ak———— sin (fox / 1-& cos(kxé)dé =
0 (2.7)

1
sin(kxa) J 1 (kx)

4nak( (o ) ( 10 ) _
From (2.7) it follows that for a > 1, i.e. when evanescent waves are present in the
near field, there is a reverse energy flow. In (2.7), J1(€) is the first-order Bessel
function. Figure 2.1 shows the plots of the sinc-function and the Bessel function
divided by the argument, from the coordinate x. The first zero of the Bessel function
does not depend on the parameter a, and has the coordinate x, = 1.2(A/2). And the
first zero of the sinc-function depends on a, and has the coordinate x; = (A/2a), less
than the coordinate x,, since a > 1. From Fig. 2.1 it is clear that the reverse energy
flow in the initial plane will take place between these two zeros, that is, it will have
coordinates x from the interval: x; < x < x,. With an increase in the parameter a > 1,
the distance between the zeros with coordinates x; and x, increases and the magni-
tude of the reverse flow also increases. In [11], based on this, it was concluded that
the reverse flow takes place in the presence of evanescent waves. But even at a < 1,
when there are no evanescent waves, the reverse flow also takes place. Indeed, at
a = 1 from (2.7) it follows:
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P,..(a=1)=4xk ( Sir;kax)) (2J‘k§ckx)> . (2.8)

From (2.8) it is seen that even at a = 1, when there are no evanescent waves, the
reverse flow will still exist between the first two zeros of the sinc-function and the
Bessel function. Only the interval between the coordinates x; and x, will decrease
and will be equal to: A/2 < x < 1.2(4/2). In this case, the magnitude of the reverse
flow will decrease. Will there be a reverse flow with further decrease of the
parameter a, we will find out from the following sections.

2.1.2 Transition from Non-paraxial to Paraxial Type
of Sinc-Beam

When choosing the parameter a from the interval 0 < a < 1, it is no longer possible
to use an explicit expression for the canonical energy flow in the initial plane (2.7),
since the integral in (2.7) will no longer be in the range from 0 to 1, but it will be in
the range from O to a:

Pw,z=4akw / \/ 1 — & cos(kxé)dé. (2.9)
0

The integral in (2.9) is no longer known. If the parameter a decreases by a very small
amount, a = 1 — §, § < <1, then instead of (2.9) we can write approximately:
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N sin(kx)\ (27J (kx) 5
Por,z_4ak< T )( o — 6V 1 =6 cos(kxd) |,

(2.10)
s< <.

From (2.10) it follows that the interval of change of coordinates x, in which the
reverse flow takes place, will decrease by the value 8: A/2 < x < 1.2(4/2) — 6. And
the magnitude of the reverse flow will also decrease slightly. For small values of
a < <1 (paraxial beam), the square root under the integral can be expanded in a
Taylor series and the first few terms can be left:

2 4 6
\/1752:17%—%—%—.-- (2.11)

Let us select from (2.11) only the first two terms and write an approximate expres-
sion for the canonical energy flux in the initial plane for a << 1:

sin(kxa
Py la< < l):4ak( k(xa )> x

2asin(kxa) @ sin(kxa) 2| a® cos(kxa)
kxa 2 kx (kxa)* (kxa)* |

(2.12)

From (2.12) it follows that if we leave only the first term in the second parentheses,
then when the beam is paraxial, there will be no reverse flow, since instead of (2.12)
we get:

in(xa)\ 2
Porsla< < 1)8a2k(sm(a)) >0. (2.13)
kxa

If we take into account all the terms in (2.12), then at x close (on the right) to the first
zero of the sinc-function, in the first brackets the sinc-function will be equal to a
small negative value, and in the second brackets the first two terms, also proportional
to the sinc-function, can be neglected in comparison with the third term, which will
be positive, since kxa ~ n. Therefore, the entire expression (2.12) at the point x close
(and greater) to the point kxa = & will have a negative value. That is, with an increase
in the parameter @ (when passing from a paraxial beam to a non-paraxial one), a
reverse flow will take place near the initial plane, the value of which will continu-
ously increase as it grows in the interval 0 < a < 1. And at the same time, there will
be no evanescent waves near the initial plane.

It is clear that what happens near the first zero of intensity (or amplitude) of the
sinc-beam will also happen near all other zeros, only the magnitude of the return flow
at subsequent zeros of intensity will be significantly smaller, since the intensity in the
side lobes is also significantly less than in the main lobe.
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2.1.3 Simulation of the Reverse Energy Flow for a Sinc-Beam
at <a <1

The simulation was performed using the Rayleigh-Sommerfeld integral [16]. The
simulation parameters were: initial field 1500 x 1500 counts, 10 x 10 pm (count size
approximately A/80), wavelength A = 532 nm, a = 0.1...3. The output field had a
size of 1500 x 3 counts within the boundaries (—0.5 pm < x < 0.5 pm). The field
was calculated twice, at a distance of 10 nm from the initial plane and at a distance of
20 nm from it to be able to take the derivative. Figures 2.2 and 2.3 show the cross-
sections of the field intensity at a distance of 10 nm from the initial plane I = |E(x)*
(Figs. 2.2a and 2.3a) and the projections of the canonical flux P, , onto the z axis for
a = 0.9 (Fig. 2.2b) and a = 2 (Fig. 2.3b).

From Figs. 2.2 and 2.3 it follows that the maximum value of the reverse flow at
a = 2 (Fig. 2.3b) is approximately 15% of the maximum value of the direct flow.
Reverse flow appears near the first side lobe of intensity (Fig. 2.3a). With a decrease
of a = 0.9 (Fig. 2.2b) the reverse flow decreases rapidly. In Fig. 2.2b it is almost
invisible, but it is there and is approximately 1% of the direct flow. The magnitude of
the reverse flow P . . in Fig. 2.4 was calculated as the ratio of the reverse flow to the
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direct flow, which are found as the maximum and minimum values:—P,,. ; ,uin/Por. -
max- Figure 2.4 shows a graph of the dependence of the relations—P,,,. ; uin/Por, 2 Max.
on the parameter a. To obtain this graph, the ratio—Py; ; min/Por.z max Was calculated
for a in the range 0.1 < a < 3 with a step of 0.1. From Fig. 2.4 it follows that for
a > 1 (there are evanescent waves) the reverse flow decreases slow with decreasing
a (Fig. 2.4a), and for a < 1 (there are no evanescent waves) the reverse flow
decreases quickly with decreasing a. For small values of a < <1 (the beam is
paraxial) the reverse flow is equal to zero.

Figure 2.5 shows two graphs of the dependence of the transverse coordinate x on
a in the initial plane for a sinc-beam, in which the intensity is zero (the nearest zero
from the origin) (solid line) and in which the reverse flow has a maximum value
(dashed curve). It is evident from Fig. 2.5 that both curves almost coincide. This
means that the reverse flow in the near field of the sinc- beam is formed near the
zeros of the intensity distribution.

Figure 2.6 shows how the reverse flow decreases when moving away from the
initial plane. With the selected parameter a = 0.9, there are no evanescent waves. For
each observation plane (at different z), the light field was also calculated twice, in
this plane and at a distance of +2 nm from it to take the derivative with respect to z.
The simulation step was 5 nm. That is, for the first observation plane, two
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Fig. 2.4 Dependence of the
ratio of the reverse and
forward flows —Po; , min/Por.-
max ON the parameter « in the
ranges of values 0.1 <a <3
(@) and 0.1 < a < 0.9 (b)

Fig. 2.5 Dependences of
the x coordinates of the first
zero of intensity [EI* (dashed
line) and the minimum of
the reverse flow P, , on the
paraxiality parameter a
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calculations were performed, at a distance of 10 and 12 nm from the initial one, for
the second plane—at distances of 15 and 17 nm, etc. Positive values of the graph
correspond to the presence of a reverse flow in the nearest minimum P, ,. It is also
evident from Fig. 2.6 that the reverse flow disappears at a distance of 50 nm (if there
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Fig. 2.6 Dependence of the
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are no evanescent waves) and at a distance of 90 nm (in the presence of evanescent
waves) from the initial plane.

2.1.4 Mechanism of Forming a Reverse Energy Flow

From Fig. 2.5 it follows that the coordinate of the maximum of the reverse flow
almost coincides with the coordinate of zero intensity of the sinc-beam. This
suggests that the reverse flow occurs where there is a sharp jump in the phase of
the initial field. Indeed, when passing through the point of zero intensity of the 2D
sinc-beam, the phase function of the amplitude changes abruptly from zero to =.
Then, when the beam propagates from the initial plane, a smooth wave front should
be formed without phase jumps by an amount less than 2x. In this case, at the point
where there was zero intensity in the initial plane, there will already be a non-zero
intensity during propagation, and near this point the phase will continuously change
(without jumps) along the transverse coordinate. In order to “eliminate” the initial
phase jump by = (that is, to make a smooth transition from zero to some value less
than =, that is, to reduce the phase difference), locally the flow of light energy near
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Fig. 2.7 Energy flow P, , and field phase arg(E,) at a distance of 30 nm from the initial plane.
Arrows on the phase graph show the direction of the energy flow. The magnitude of the arrows is
not equal to the phase gradient modulus for better clarity, but is perpendicular to the phase function.
Gray areas highlight areas where the direction of the energy flow is reversed

zero intensity and near the initial plane should propagate in the opposite direction.
Figure 2.7 shows the phase of the sinc-beam at a distance of 30 nm from the initial
plane. Also in this figure, the arrows show the direction of local propagation of the
energy flow (the direction of the phase gradient vector, without taking into account
its magnitude). From Fig. 2.7 it is evident that the reverse energy flow is formed in
places of rapid phase change near the intensity zeros.

A light subwavelength sinc-field in the initial plane can be formed in practice
using a 2D gradient microlens, for example, a Mikaelian lens [17]. In this work, it is
shown that if a point light source is placed at the input of a 2D gradient lens
(in silicon) with a secant law of refractive index distribution along the transverse
coordinate, then at the output (in the plane at the output end of the microlens) a
subwavelength intensity distribution of the square sinc-function type with a central
maximum width of approximately 0.12A will be formed. Such a subwavelength
intensity distribution can be created by surface evanescent waves that run along the
output surface of the gradient microlens towards each other, forming a standing
wave with a subwavelength period.

2.1.5 Backward Energy Flow for 2D Bessel Beam

Similarly to the previous one, it can be shown that a 2D TE-polarized Bessel beam
with infinite energy and without evanescent waves in the near field also forms a
reverse flow near the intensity zeros. Indeed, the amplitude of the spectrum of a
plane Bessel beam of zero order has the form [18]:
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A@)=(1-8)"" |g<1. (2.14)

In the initial plane the Bessel beam with spectrum (2.14) will have the form:

Blrz=0)= [ A(Q)explited)de =
e (2.15)

1
cos(kx¢)

In (2.15) Jy(?) is the Bessel function of the first kind of zero order. Next, similarly to
(2.6), we find the longitudinal projection of the canonical energy flux vector in the
initial plane for the Bessel beam:

. 0
P()r,z == Im (E} a_z E}')

From (2.16) it follows that the maximum reverse energy flow in the Bessel beam will
be between the first zero of the Bessel function Jy(kx), which is at the point x; ~ 0.76
(M2), and the first zero of the sinc function: sin(kx)/(kx), which is at the point x, = (A/
2). And the mechanism of formation of the reverse energy flow near the zeros of the
Bessel function, in which there is a phase jump of &, will be similar to how it occurs
in the sinc-beam.

sin(kx)
T

:Zﬂkl()(kx)
z=0

(2.16)

2.1.6 Energy Backflow of 2D Beam at the Focus

Instead of Eq. (2.2), the expression for the amplitude of a non-paraxial 2D beam with
autofocus can be written as:

E(x,z)= /oo A(¢) exp (ikx§ + ik(z—z0)\/ 1 — §2>d§, (2.17)

— 0

where z; is the autofocus distance. For the beam (2.17), the canonical reverse flow
forms not in the near field but precisely in the focal plane at z = z,. For a sinc beam in
the focal plane, the amplitude (2.17) simplifies to:
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Fig. 2.8 Distribution of the amplitude modulus (2.17) (a) and its argument (phase) (b) in coordi-
nates (x, z) at zo = 24, 4 = 532 nm, frame size 41 x 41 (a, b)

E(x,z=170)=2

(2.18)

and the reverse flow is described by Eq. (2.8). Figure 2.8 shows the amplitude
modulus (a) and phase (b) in the longitudinal xz plane for a sinc beam with
autofocusing. It is clearly seen that the phase in the focal plane exhibits a vortex
structure. To the right of the center with a topological charge of —1, and to the left
with a topological charge of +1. The centers of these optical vortices coincide with
the zeros of function (2.18). In the vicinity of the intensity zeros, a circulation of the
energy flow is observed. For a topological charge of —1, the energy flow circulates
clockwise, while for a topological charge of +1, the energy flow circulates counter-
clockwise. Moreover, on certain segments of the closed trajectories, the energy flow
is directed opposite to the main propagation direction of the beam.

2.1.7 Energy Backflow of the Beam with Zero Intensity
on the Optical Axis

In this section we consider another simple 2D non-paraxial beam that always has
zero intensity on the optical axis and contains no evanescent waves. To this end, we
choose the amplitude of the plane wave spectrum as follows:

Alg)=¢ El<t. (2.19)

Substituting Eq. (2.19) into Eq. (2.2) and using the tabulated integrals from Ref.
[18], we arrive at the following expression:
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Fig. 2.9 Intensity (color) and energy flow (arrows) in the xz plane for beam (2.20) with autofocus at
Zo = 2A, A = 532 nm. The inset shows an enlarged fragment
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1
E(x,z=0) = / EexplikeE)dE =2 [T o (k).
2

] (2.20)

%E(x,z:O):ik / £/ 1 — & explikné)dé = —%Jz(kx).

-1

The beam described by Eq. (2.20) has zero intensity on the optical axis (x = 0).
Considering Eq. (2.20), we can write an exact expression for the longitudinal
component of the canonical energy flow vector in the near field of this beam:

Por =2k (%) 2 ) T (k). (2.21)

The Bessel function of order 3/2 in Eq. (2.21) has its first zero on the right at
x; = 0.72\, while the first zero on the right for the Bessel function of order 2 in
Eq. (2.21) is at x, = 0.81A. Between these zeros, both Bessel functions have opposite
signs, resulting in a negative energy flow. If the light field in Eq. (2.20) is shifted
along the optical axis, analogous to Eq. (2.17), it will autofocus at the distance z = zy.
Figure 2.9 shows the intensity (color) and the energy flow (arrows) in the xz plane for
beam (2.20) with a focal length zo = 2A. The inset in Fig. 2.9 demonstrates clockwise
circulation of the energy flow around the first intensity zero on the right.

The following results were obtained in this section. It was shown theoretically
and numerically that for a 2D TE-polarized sinc-beam, in which the amplitude of the
plane wave spectrum has the form of a step, a reverse canonical energy flow takes
place near the initial plane in some local regions in the beam cross section
(Fig. 2.3b). That is, the derivative of the phase with respect to the longitudinal
coordinate has a negative value at some points, and the wave vector at these points
has a negative projection onto the optical axis. Note that the longitudinal projection
of the Poynting vector for a 2D TE-polarized field coincides with the longitudinal
projection of the canonical energy flow vector. The formation of the reverse energy
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flow in the near field is not necessarily associated with the presence of evanescent
waves, as was previously believed [9]. We showed that the reverse energy flow takes
place in a non-paraxial field and without evanescent waves (Fig. 2.4). It was also
shown that the reverse energy flow in the near field quickly decreases (Fig. 2.6). The
reverse energy flow in the sinc-beam is formed near the intensity zeros in the initial
plane (Fig. 2.5). It follows from this that the reverse energy flow is formed near the
points of rapid change of the phase function in the beam cross-section, for example,
near the phase jumps by n (Fig. 2.8). Similarly, it is shown that the reverse energy
flow takes place near the intensity zeros in the 2D TE-polarized Bessel beam of zero
order (2.16).

2.2 2D Optical Vortices and a Reverse Energy Flow Occurs
near the Intensity Zeros

In modern optics, optical effects that are difficult to detect because they are associ-
ated with small energy fluxes are of great interest. Such effects include
superoscillations [18-21], superresolution, the effect of giant wave vectors [22—
26], and the reverse energy flux [1-6]. The slow light effect is associated with large
values of wave vectors [27, 28]. Note that optical vortices are formed at intensity
zeros [29-32], and when passing the intensity zero in the cross section of the vortex
beam, the azimuthal projection of the wave vector k, tends to infinity as n/r, as
r tends to zero. Here n is the topological charge of the optical vortex (e.g., a
Laguerre-Gauss beam), (7, ¢) are the polar coordinates in the beam cross section [7].

Let us briefly dwell on the indicated effects. Superoscillations arise when a
complex amplitude with a limited Fourier spectrum exhibits oscillations with a
spatial frequency greater than the maximum frequency in the Fourier spectrum
[19]. Regions with the superoscillation effect are formed in a superposition that
consists of a large number of plane waves, where the modulus of the phase gradient
of the complex field amplitude is greater than the wave number of each plane wave
[20]. In [13, 26], reviews of modern works on the use of superoscillations for
obtaining superresolution in optics are given. The reverse energy flow, as negative
values of the longitudinal component of the Poynting vector, was previously studied
in a sharp focus [l, 2, 14], in non-paraxial Bessel beams [5] and in X-waves
[6]. However, using the Poynting vector to find the reverse energy flux is difficult,
since the Poynting vector, in addition to the canonical energy flux vector, also
includes the spin flux vector [7, 8]. For example, the reverse energy flux was
found for a 2D non-paraxial Airy beam in [9], and in [10], the reverse energy flux
for a 2D non-paraxial beam was also investigated. In two-dimensional light fields
with TE-polarization, there is only one projection of the electric vector, and therefore
the Poynting vector has no spin component. For 2D light fields, the longitudinal
projection of the Poynting vector coincides with the longitudinal projection of the
canonical energy flux.
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We consider a 2D nonparaxial light field with TE-polarization in this paper. We
have previously considered such a sinc-beam [11] and shown that in the near field, in
the presence of evanescent waves, a canonical reverse energy flow occurs. In this
paper, we show that the reverse energy flow is formed even without evanescent
waves. The reason for the reverse energy flow is that the 2D light field has intensity
zeros, around which an optical vortex is formed and the energy flow circulates
around them. The longitudinal projection of the wave vector becomes gigantic
near the intensity zeros, and the phase velocity of light decreases, right down to
zero at the very point of zero intensity. All of these effects occur in the
subwavelength region around the zero intensity, demonstrating the presence of
superoscillations near the center of the 2D optical vortex.

2.2.1 The Longitudinal Component of the Wave Vector
in the Near Field of a Sinc Beam

In his work [7], M. Berry introduced the concept of a local wave vector k as the
phase gradient of the complex amplitude of a scalar wave field

J=Im(E*(r)VE(r)) = (2.22)
()Y (argE(r)) = |E(r) PK(r). |
In (2.22) J is the [7] optical current vector of a scalar light field with complex
amplitude E(r) = A(r) exp (i@(r)). In this paper, we use more modern terminology
and, instead of optical current, speak of the canonical energy flux. The Poynting
vector, up to insignificant constants, is equal to the sum of two vectors [7, 8], which
describe the orbital energy flux (canonical energy flux) P,, and the spin flux Pg,:

P=P,, + P, =Im(E"(V)E) + 5 (V xS),
S =Im(E" xE).

(2.23)

The canonical energy flux is seen from comparison of (2.22) and (2.23) to be the
optical current. In this paper, we consider the features of the change in the longitu-
dinal component of the local wave vector for a 2D non-paraxial sinc-field of light
[11]. The complex amplitude of any 2D light field satisfying the Helmholtz equation

o 0
(aﬁ+az2+k2)E(x,z) =0, (2.24)

k = 2x/\ is the wave number of light with wavelength A, can be represented as the
result of expansion over the plane waves spectrum:
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E(x,z)= fA(é)exp(ikxéf—i—ikz\/@)df. (2.25)

— 0

In (2.25), x and z are the transverse and longitudinal Cartesian coordinates. By a sinc
beam we mean a beam for which the plane wave spectrum amplitude in (2.25) is
equal to the step:

A(§) =rect(¢/a) ={1, [¢|<a; O [¢]>a}, (2.26)

where a is a dimensionless parameter that determines the half-width of the plane
wave spectrum (if a > 1, then the spectrum also contains evanescent waves). For a
sinc beam, instead of (4), taking into account (2.26), we write the complex
amplitude:

E(x,z)= / exp(ikxé—l—ikz\/l —§2>d§,

—a

(2.27)

a

E(x,z=0)= / exp(ikx&)dé =2a

—a

sin(kxa)
(kxa)

It is shown in [28] that for beam (2.27) in the initial plane (z = 0) the longitudinal
projection of the canonical energy flux vector can be written as:

P,..=Im <E* (x,2) aEgz, Z)>

ik (sink(xk;ca)) <2J}c(xkx)).

In (2.28), the function J;(¢) is a first-order Bessel function. By explicitly separating
the sinc-beam intensity in the initial plane and the z-derivative of the phase in (2.28),
as shown in (2.22), we obtain:

z=0—

(2.28)

Pare =BG 5 (areE() =
() (S

The first parentheses in (2.29) show the intensity of the sinc beam, and the expres-
sion in the second parentheses, multiplied by 2km, is the derivative of the phase of the
field (2.27) with respect to z, or according to (2.22) the longitudinal projection of the
local wave vector:

(2.29)
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Table 2.1 Coordinates of the first few zeros of the Bessel and sine functions in (2.30)

X X1 X X3 X4 X5 X6 X7
J1(kx) 1.2272 2.2 A2 3222
sin(kx) A2 2 M2 3A2 4 272

k. =2k (Sﬁ((kk)’g)) . (2.30)

Next, we consider expression (2.30) in more detail. The behavior of the ratio of two
functions in the numerator and denominator in (2.30) is determined by the zeros of
these functions. Approximate values of the first few zeros of these functions for
a = 1 (no evanescent waves) are shown in Table 2.1.

In the interval between the zeros x5, , | < X < X2, + 2, n=20,1,2, ..., the
numerators and denominators of the functions in (2.30) is seen from Table 2.1 to
have different signs, and therefore the projection of the wave vector onto the
longitudinal axis is negative. That is, in these intervals of the transverse axis, a
reverse canonical energy flow occurs. Moreover, at special points where the sine
function is zero, the projection of the wave vector onto the z-axis tends to infinity: for
X < X411 =0,1,2,..k, tends to positive infinity, and for x > x,, , | k, tends to
negative infinity. Near the zeros of the sine function (zeros of intensity), light slows
down, since a large (giant) wave number means that the light at this location has a
very short wavelength (slow light). Regions in the cross section of a light beam
where the modulus of the wave vector (it is &, in our case) is greater than the wave
number of light: k, > k = 2n/A, are called regions with the superoscillation effect
[19]. The distance between the extreme points of the intervals, where the reverse
flow takes place, is subwavelength and is approximately 0.1A. At the extreme points
of the intervals, the longitudinal energy flux is zero. At odd points, the energy flux is
zero because the intensity is zero. And at even points, the longitudinal energy flux is
zero because the longitudinal projection of the wave vector is zero: k, = 0. When
passing through the extreme points of the specified intervals, the longitudinal
projection of the wave vector k, changes sign. At the even zero points of the Bessel
function x, , » in (2.30), the longitudinal energy flux (2.28) is zero, and the
longitudinal projection of the wave vector is zero, k, = 0. But since the intensity
of the sinc beam at the points x,, , ; is not zero, this means that the light energy at
these points is directed along the transverse x-axis. Note that all the described
metamorphoses of light (slow light, transverse propagation of light, reverse energy
flow) occur at a distance from the initial plane much smaller than the wavelength
(z < < M), when the wave process has not yet “settled down”. Interestingly, the
intensity distribution of the sinc beam (2.27) at a = 1 has a size at half-maximum of
intensity equal to the scalar diffraction limit for 2D beams, FWHM = 0.44\. That is,
the intensity distribution is not subwavelength, and the distribution of the longitu-
dinal energy flow (2.29) has significantly subwavelength regions.
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The mechanism for generating the reverse flow is as follows. The initial sinc-field
of light (2.27) has intensity zeros at the points x,, , ;. At these intensity zeros, the
phase changes abruptly by m. As the light propagates along the z-axis, the locations
where the intensity zero was experiences an intensity minimum, and instead of a
phase jump of =, there is a smooth phase change by an amount less than n. That is, as
the light propagates from the initial plane, the phase difference between two adjacent
points decreases. This is only possible when the light (energy flow) locally propa-
gates in the opposite direction. Note also that the derivative of the complex ampli-
tude of the sinc-beam (2.27) with respect to the transverse coordinate is a real
function, and therefore the transverse energy flow in the initial plane is zero:

P()r,x —Im (E* (x’ Z) aE()C, Z)) ‘Z:O _

Im<4sin]£xkxa)% (sinZl%a))) o (2.31)

When light propagates, due to diffraction, the wave vector of course has a transverse
component at each point in the beam cross-section.

2.2.2 Numerical Simulation Results

Figure 2.10 depicts the curves of the Bessel function (curve 1) and sine function
(curve 2) from Eq. (2.29) for @ = 1. Microns are plotted along the horizontal axis.
The odd coordinates x,,, , | in Fig. 2.10 are the zeros of the sine function (intensity
zeros), and their values are given in Table 2.1. The even coordinates x,, . , are the
zeros of the Bessel function, whose values are also given in Table 2.1.

The sine and Bessel functions is seen from Fig. 2.10 to have opposite signs
between adjacent odd and even zeros. This means that a reverse energy flow is
formed in these intervals, meaning the longitudinal projection of the energy flow
(2.29) is negative.

Figure 2.11 shows the distribution of the longitudinal projection of the wave
vector (2.30) in the initial plane for a sinc beam. In the vicinity of the intensity zeros
(in the vicinity of the points x,, , 1), the values of the wave vector projection are seen
from Fig. 2.11 to tend to plus and minus infinity, as predicted by expression (2.30).
At even points x,, . », the longitudinal projection is zero, meaning that the energy at
these points propagates along the initial plane. Further numerical simulation is
performed using the Rayleigh-Sommerfeld integral [15]. The simulation
parameters are: the initial field size is 1000 x 1000 samples, 10 x 10 pm (sample
size is approximately A/53), wavelength is A = 532 nm, E,, = 2a sin c(kxa), a = 1.
The output field has a size of 1000 x 10 samples within the boundaries (—
0.5 pm < X < 0.5 pm), (—2.5 nm < Y < 2.5 nm). The field is calculated twice, at
a distance of 17 nm (approximately A/30) from the initial plane and at a distance of
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34 nm from it to be able to take the derivative with respect to z. The intensity (a) and
longitudinal energy flux (b) distributions near the initial plane for the sinc beam are
shown in Fig. 2.12.

The longitudinal energy flux is seen from Fig. 2.12 to be negative in the region of
the first side lobe of the intensity distribution, which is consistent with Fig. 2.11.
Shown in Fig. 2.13 is the phase distributions along the transverse coordinate x at two
close distances from the initial plane.

The grey curve is clear from Fig. 2.13 to lie above the blue curve everywhere
except for the dotted areas, where, on the contrary, the blue curve lies above the grey
curve. That is, the phase in the regions of the reverse flow during the propagation of
the sinc-beam does not increase, as usual, but decreases. This shows that the light in
these regions propagates in the opposite direction. To confirm this result, we repeat a
similar calculation using a more accurate difference method for solving Maxwell’s
equations. The simulation is performed using the FDTD method using the RSoft
FullWAVE software package. The simulation parameters are as follows: the entire
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Fig. 2.12 Profiles along the x-axis of the intensity projection of the sinc beam (a) and the
longitudinal canonical energy flux (b) at a distance of 17 nm from the initial plane at a = 1

Fig. 2.13 Phase Rayleigh-Sommerfeld integral is used
distributions of the field E, Lo
(2.27) at a distance of

z; = 17 nm (blue curve) and
2 = 34 nm (gray curve)
from the initial plane. The
dotted lines indicate regions
where the derivative of the
phase with respect to z is
negative, i.e., where the
value of P,, . (2.29) is
negative
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simulation field is 10x10x1 pm, the initial field is the same as in Fig. 2.12
(Ey = 2a sin c(kxa), a = 1). The initial field is specified in the 10 x 10 pm region.
The partition along all three coordinates is A/30. The observation planes are also
spaced from each other by AM30 (approximately 17 nm), the distance to the first
observation plane is also 17 nm. Phase profiles similar to those in Fig. 2.13 are
shown in Fig. 2.14.

It is clear from a comparison of Figs. 2.13 and 2.14 that they almost coincide.

2.2.3 Generalizations of Results

In the previous sections, we demonstrate that several interesting optical effects occur
in the near field of a non-paraxial 2D sinc beam. Near zero-intensity points, regions
with superoscillation effects form, where the longitudinal projection of the wave
vector takes on large (giant) values. At locations with large negative values of the
wave vector longitudinal component, a reverse energy flow occurs. In the region of
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Fig. 2.14 The same as in ; FDTD method is used
Fig. 2.13, but the simulation T T
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giant wave vector values, the light has a phase velocity much smaller than the speed
of light (slow light). However, these effects are not unique to a sinc beam, but are
inherent in any 2D non-paraxial light field that has first-order amplitude zeros or
intensity zeros. Indeed, similar to how we obtained (2.30) from (2.29), we can
generally obtain the following expression for the longitudinal projection of the
energy flow:

Py, =Im (E (x,2) OE(x, Z)> -

0z
0E(x,z)
0

|E(x,z)[*Im <E1(x, 2) (2.32)

. )
a%(argE(x,z)) :Im<E_1(x, 2) a%iz))

In (2.32), the second expression for the phase derivative with respect to z has the
complex amplitude E(x, y) in the denominator. This means that if the complex
amplitude has an isolated zero (not necessarily at z = 0) of the first order, then in
the vicinity of this zero the field amplitude can be written as:

E(x,z) = (x +x0) ia(z — 20), (2.33)

where (xo, zo) are the coordinates of the intensity zero, a is the ellipticity parameter of
the 2D optical vortex. Follows from (2.33) that if it is known that in the initial field
(z = 0) the light field has intensity zeros, for example, as in the sinc-beam (2.27) at
the points x, = Ap/(2a), p = +1,+2, +3, ..., then intensity zeros of light field
with complex amplitude
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\ —
A N\

Fig. 2.15 Distribution of the amplitude modulus (2.34) at @ = 1 (a) and its argument (phase) (b) in
coordinates (x, z) at zp = 24, A = 532 nm, frame sizes are 41 x 4. The vertical axis is along z, the
horizontal axis is along x. Lines with directions of energy flow (c) are in the blue square

E(x,z)= /“ exp (ikx/; + ik(z — z@ﬂ) dé, (2.34)

—a

are at points with coordinates (x,, zo). And around these intensity zeros there are 2D
optical vortices with topological charges of +1 and —1. And the energy flow circulates
around these optical vortices clockwise if the topological charge is —1, or counter-
clockwise if the topological charge is +1. For example, in the sinc beam (2.27), all
vortices at x > 0 have a topological charge of —1, and all vortices at x < 0 have a
topological charge of +1. Part of the energy flow that circulates around the intensity
zeros of the 2D non-paraxial light field is directed in the opposite direction to the optical
axis. For example, in the sinc beam (2.27), the energy flow around the vortices atx > 0
circulates clockwise, and around the vortices at x < 0, the energy flow circulates
counterclockwise. That is, it can be concluded that if a 2D non-paraxial light field
has an isolated intensity zero, then a reverse energy flow takes place in the vicinity of
this intensity zero. Shown in Fig. 2.15 are the amplitude (a) and phase (b) distributions
for a sinc beam (2.34) shifted along the z-axis at a = 1. 2D optical vortices are depicted
in Fig. 2.15b to be visible on the horizontal axis at z, = 21 (3 vortices with a charge of
—1 on the right and 3 vortices with a charge of +1 on the left). That is, the phase
changes from zero to 2 when going around the centers of the vortices.

Our theoretical and numerical analysis reveals a superoscillation effect in the
near-field region surrounding points of zero light intensity. Using a nonparaxial 2D
sinc beam that does not contain evanescent waves, we show that this effect arises
where the longitudinal component of the wave vector significantly exceeds the total
light wave number. As the wave passes a zero-intensity point, this large positive
longitudinal wave vector component inverts to a negative value. The immense
magnitude of the wave vector near these zeros implies a drastically reduced local
wavelength and phase velocity, characteristic of “slow light.” Furthermore, the
negative longitudinal component signifies the onset of a reversed energy flow
immediately beyond the zero-intensity point. This backward flow persists until the
wave vector becomes purely transverse (its longitudinal component reaches zero), at
which point the energy is redirected laterally. All these phenomena—slow light and
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reverse flow—are confined to a region extremely close to the source, at a distance
substantially less than the light wavelength.

2.3 Light Obstacle

In a recent work [33], a 2D nonparaxial light field has been investigated. An explicit
analytical expression has been derived for the complex amplitude of this field at an
arbitrary distance from the initial plane. Besides, it was found in [33] that this
nonparaxial beam has a countable number of local subwavelength areas with the
energy flow directed backward. Energy backflow has also been found in several 2D
nonparaxial light beams [9-11, 34-36] and, perhaps, it will be possible to found the
reverse flow in some other known 2D nonparaxial beams: Weber and Mathieu
beams [37]. In this work, we demonstrate both theoretically and numerically that
the beams [33] have along the optical axis a set of pairs of close intensity zeros,
symmetric with respect to the optical axis, and the backward energy flow between
these zeros does not allow passing of the forward energy flow. Thus, the forward
energy flow has to bypass this “obstacle”. We call this phenomenon a light obstacle.

2.3.1 2D Fractional Order Bessel Beam

We consider a 2D nonparaxial light field with the following complex amplitude [33]:

Ei(x2)= /mAl(f)exp<ik~’€f+ik(z—zo)\/@)614g

— 00

B /1 exp(ikxéJrik(Z*Zo)\/ 1752)

- dé
3/4
) (1-¢)
- cos(kx€) exp (ik(z—z())\/ 1 —52)
- / e dé
ae
2 .2 2 — )2
:2@)3/ el k\/x +(12 20) —x / k\/x +(z2 20)" +x
2 — .\ 2 — )2
+isgn(z—zO)J% <k X +(Z2 20) —x ) (k x +(Z2 20) +x> ’

(2.35)
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with J,(7) being the vth-order Bessel function. In contrast to the work [33], we shift
the beam along the optical axis by a distance of z,, to make the beam autofocusing.
The integrals in Eq. (2.35) indicate that the amplitude of the light field is expanded
into the plane waves spectrum. In Eq. (2.35), x and z are transverse and longitudinal
coordinates, respectively, z, is the autofocusing distance. Amplitude of the plane
waves spectrum in Eq. (2.35) is given by

ME©=0-8)" la< (2.36)
The integrals in Eq. (2.35) are evaluated analytically since they are reference
integrals given in [38]. The light field (2.35) propagates in positive direction of the
axis z and has infinite energy. Further, we show that the beam in its focus plane
Z = 7o has intensity zeros, determined by the zeros of the Bessel function of the order
—1/4. According to Eq. (2.35), the amplitude of the light field in the focus plane
7 = o is equal to:

. 1
N N gy
E\(x,z=0)= /00A1(§) p(ikx§)dé 20/(152)3/401 (2.37)

—a(® " r()(%) A,

with I'(r) being the Gamma function. The first zero of the Bessel function at x > 0 is
nearly equal to 2, i.e. J_14(2) = 0. The transverse coordinate of this zero is
x1 = 0.32\. At x < 0, the first zero of the Bessel function is equal to —2, i.e. J_y,
4(—2) = 0, and its coordinate is —x; = —0.32A. Around these intensity zeros of the
beam (1), energy flow circulates. We note that around the zero with the coordinate
x; = 0.32 energy rotates clockwise, whereas around the intensity zero with the
coordinate —x; = —0.32) energy rotates counterclockwise.

To confirm this, we should write the longitudinal component of the canonical
energy flow vector [7, 39] of the TE-polarized beam (2.35) in an explicit form. We
suppose that the polarization vector of the beam (2.35) is directed along the
coordinate y. Then, at z = z,, we get:

0
_ >k
Por’z =Im (E} a—ZEV> o

1 1
y cos(kx¢) J cos(kx¢) JE.
o/ (- 50/ (g

(2.38)
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The integrals in Eq. (2.38) are reference integrals [38] and thus Eq. (2.38) can be
rewritten as:

Por(x,z=0) =4k (%) 3F71 (;1)

x Grl G) +or! (%)>J1/4(kX)11/4(kx)~

The first zero of the Bessel function of the order 1/4 is nearly 2.8, i.e. J;,4(2.8) = 0,
and the coordinate of this zero at x > 0 is equal to x, = 0.44A. The zero of the Bessel
function of the order 1/4, symmetrical with respect to the optical axis, has a
coordinate —x, = —0.44\. Between the root x; = 0.32A and the root x, = 0.44A,
the Bessel function in Eq. (2.39) has different signs and the energy flow is thus
negative. The energy flow is negative in the interval x,—x; = 0.44\—
0.32A = 0.12\. Before the first zero, in the interval 0 < x < x;, energy flow (5) is
positive. Thus, around the first intensity zero of the beam (1) in the focus plane
Z = zp, energy flow circulates clockwise. The same way, around the first intensity
zero with the coordinate —x; = —0.32A, energy flow circulates counterclockwise. In
the interval between the first two zeros, with a distance between them being equal to
2x, = 0.64A, light propagates in the forward direction along the optical axis z. Light,
propagating in forward direction, encounters intensity zeros and bypasses them from
both sides. Therefore, the area around the intensity zero with the size of nearly 2
(xo—x1) = 0.24), where the energy circulates along a closed contour, is an obstacle
for the light, which bypasses this obstacle from both sides.

(2.39)

2.3.2 Longitudinal Projection of the Canonical Energy Flux
Vector for a 2D Fractional Bessel Beam

Now we consider the expression for the complex amplitude of the beam (2.35) at a
certain distance from the focus plane z = zy. Since the first roots of the Bessel
functions in Eq. (2.35) are nearly equal to 2 and 2.8, i.e. J_;4(2) = 0, J;,4(2.8) = 0,
then, making the arguments equal to these values, we obtain a system of equations
for finding the transverse and longitudinal coordinates of these zeros:

%(\/m—x)zl

%( x2+zz+x) =2.8.

(2.40)

Solving the system (2.40), we obtain approximate coordinates of the intensity zeros:
x3 = 0.131, —x3 = —0.134, z = z¢ + 0.75A. Thus, at the distance z; = 0.751 from the
focus plane, two symmetrical close intensity zeros appear near the optical axis at a
distance of 0.264 from each other. Around these intensity zeros (as around any
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isolated intensity zero of a 2D nonparaxial beam), circulates energy flow. For
determining the direction of energy rotation around these zeros, we consider a
general expression for the longitudinal component of the canonical energy flow
vector, similar to Eq. (2.39), but with an arbitrary z:

k(7 — Zo)

—————— T 1) _1s(v)
8y/x2 + (z—20)? Wl

[T 3 (u)d14(v) = T4 ()T 1 j4(v)

+J1/a(U)J 3/4(v) = J1/a(u)T5/4(v)]
—J1ja(u)J14(v)

X [J spa()d —17a(v) = J3a(@)d —174(v)

T _1ya()d Zsa(v) =T 1 a(u)J34(v)],

Por,z(-X, Z) =

(2.41)

with

u:§< x2+(z—10)2_x>’ (2.42)
2

( x2+(zzo)2+x>.

In Eq. (2.41), an expression was used for the z-derivative of the amplitude (2.35):

2 /‘ cos(krg) exp (ik(z — 20)v/T— &)

kOz (1 - 52)3/4 dg
L cos(kxé) exp zk(zfzo)\/lfgz)
/ — s
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(2.43)
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Although the expression (2.41) looks complicated, it allows drawing some conclu-
sions. Since the transverse coordinate of the first zero at the distance of 0.75A from
the focus equals x; = 0.134, we choose a point with a little smaller coordinate, for
instance, x = 0.1A. Then, the arguments of the Bessel functions in Eq. (2.41) are
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equal to u = 2.06 and v = 2.69. Thus, the expression in the curly brackets in
Eq. (2.41) reads as

{7 21/a@)d Z1 W) [ 34 ()14 (v) = Ts/a() T 1 4(v)
+1ya(@)T —3/a(v) = J1ya()J54(v)]
—J1ya ()1 a0 [T Z5 4 ()T 14 (v) = T34 ()T —14(v)
+J 1ja(@) spa(v) =J _1ja(u)Jaa(v)] }
={J _1/4(2.06)J _1/4(2.69)[J _3/4(2.06)J 1 14(2.69)
— J55(2.06)J14(2.69) + T, 15(2.06)] _3/4(2.69)
—J1/4(2.06)J5/4(2.69)]
— J1/a(2.06)71/4(2.69) [ _s54(2.06)] _, 4(2.69) (2.44)
— J3a(2.06)] _1/4(2.69) + T _114(2.06)J _5,4(2.69)
T 1/a(2.06)73/4(2.69)] }
— {(—0.03)(—0.31)[(—0.46)(0.044)
—(0.549)(0.044) + (0.368)(—0.491) — (0.368)(0.549)]
— (0.368)(0.044)[(—0.549)(—0.31)
—(0.557)(—0.31) + (~0.03)(—0.291) — (~0.03)(0.349)]}
<0.

Equation (2.44) indicates that the energy flow at x < x5 is negative. Thus, the energy
around the intensity zero with the coordinate x3 circulates counterclockwise (topo-
logical charge of the longitudinal optical vortex is +1). The same way, it can be
shown that the energy flow (2.41) to the right from the intensity zero with the
coordinate —x3, i.e. in the area —x3 < x < 0, is negative. The equations system
(2.36) can be generalized. For arbitrary values b > a > 0, the arguments u and v of
the Bessel functions in Eq. (2.42) can be made equal to u = a, v = b and then the
corresponding transverse and longitudinal coordinates can be found:

x= Zi (b—a),
/1” (2.45)
= P \/CE

Using Eq. (2.45) and zeros of the Bessel functions of the orders —1/4 and 1/4, we can
obtain the coordinates of all pairs of intensity zeros near the optical axis, residing at a
certain distance from the focus plane. The next several zeros of the Bessel functions,
J_14(yn) = 0, J14(6,) =0 with n = 1, 2, 3, 4, are approximately equal to y; = 2,
r2=51y3=82,y,=114;6,=2.8,6,=5.9, 63 =9.0, 6, = 12.2. It is seen that
the difference between the roots remains almost constant: §,—y,, = 0.8. Therefore,
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pairs of intensity zeros near the optical axis at different distances from the focus are
separated by almost equal distance:

=+ (8 —12)A/(27) = £0.132, 7, =1.754,
= +27(85 — 73)4/(27) = +0.134, 23 =2.73), (2.46)
21(84 —14)A)(27) = £0.13, 24 =3.754.

||
I+

According to Eq. (2.46), only the first pair of the intensity zeros with the coordinates
x3 = (6; — yDMQ2r) = £ 0.131 resides at the distance of z; = 0.751 from the focus
plane, whereas other pairs of zeros repeated after each wavelength along the optical
axis. The distance between the intensity zeros is conserved since the beam (2.35) is
diffraction-free and has infinite energy, similarly to the well known Bessel beam.

2.3.3 Numerical Simulation

In contrast to the two nearest intensity zeros in the focus plane, the energy flow
within the pairs of zeros (2.46), close to the optical axis, is backward, as is
demonstrated by an example in Eq. (2.44). Thus, the energy flow around the
intensity zero x4 > 0 circulates counterclockwise, while the energy flow around
the intensity zero —x4 < O circulates clockwise. The forward energy flow that reaches
these intensity zeros, does not pass between them. Rather, it passes around them. The
same way, the forward energy flow does not pass between other pairs of intensity
zeros with the coordinates from Eq. (2.46). Thus, these intensity zeros generate a
light obstacle, forcing the light to bypass it. Illustrated in Fig. 2.16 are simulation
results, confirming the above given theoretical conclusions. Figure 2.16 shows
intensity (Fig. 2.16a) and phase (Fig. 2.16b) distributions of the 2D beam (2.35)
with the focus distance zy = 34, where 4 = 532 nm. The horizontal axis shows the
coordinate x in wavelengths, while the vertical axis show the coordinate z, also in
wavelengths. Figure 2.16b reveals that there is a set of longitudinal optical vortices
with their centers defined by the roots of the Bessel functions in Eq. (2.35), i.e. when
either u = y,, and v = §,,, or, vice versa, u = §,, and v = y,,, where n = 1,2,3,...,
m = 1,2,3,... As seen in Fig. 2.16c, around the two intensity zeros in the focus
(z = zo = 31), energy circulates counterclockwise on the left and clockwise on the
right. Therefore, the forward flow passes between the intensity zeros. As seen in
Fig. 2.16d, between two intensity zeros with the coordinates x; = +0.134,
71 = 0.754, close to the optical axis, a reverse flow is generated, which does not
allow the forward flow passing along the optical axis. Therefore, the forward flow is
forced to bypass both intensity zeros. The picture of energy flow lines in Fig. 2.16d
remind a bull’s face with two nostrils and wide-set eyes. The topological charges of
the left and of the right eye (+1 and —1) are opposite to the topological charges of the
vortices in the nostrils (—1 on the left and +1 on the right). So, we demonstrated that
the light in a subwavelength scale, at the level of tenths of a wavelength, can generate
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Fig. 2.16 Intensity (a) and
phase (b) distributions of the
beam (2.35) with zo = 34,

A =532 nm, as well as
magnified intensity
distributions with energy
flow directions, shown by
arrows, in the highlighted
squares I (c) and II (d)

in free space such a circulation of light energy that can become an obstacle to the
forward energy flow, forcing it to bypass this obstacle [40].

At the end of this Chapter, the following conclusions can be made. In the work
[41], M.V. Berry has demonstrated for the first time that in the waist of a bounded 2D
nonparaxial Gaussian beam without evanescent waves, two phase singularity points
(screw dislocations) exist, symmetric with respect to the optical axis and having the
topological charges of +1 and —1, and two phase saddle points exist nearby
[42]. Around the phase singularity points (intensity zeros), energy flow circulates,
proportional to the wave vector. Reverse energy flow is generated in the interval
between a point of phase screw dislocation and a phase saddle point. In [41], Fig. 2.3
illustrates that the energy flow makes a curve with a shape of digit ‘eight’, embracing
both points (phase dislocation and saddle point). However, this is not the case. In
[43], by using an exact solution, it was shown for a nonparaxial 2D sinc-beam that
the energy flow circulates only around the intensity zero and does not go beyond the
saddle point (Fig. 2.15¢). We note that in 3D paraxial beams, phase singularity
points also can be generated near the focus in longitudinal section, as was shown by
G.P. Karman et al. [44, 45]. However, due to paraxiality, there is no saddle phase
point near the phase singularity point, whereas the reverse flow can be generated in
an interval between the phase singularity point and phase saddle point. Paraxial light
fields cannot have a reverse energy flow. In [12], several examples of 1D complex
amplitudes were investigated theoretically, that can have a negative phase gradient
(reverse energy flow), including in quantum mechanics.
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Experimentally, reverse energy flow can be registered near the first dark ring of
zero intensity in a subwavelength focus, generated, for instance, by a zone plate
[46]. For determining the reverse energy flow, two phase distributions should be
measured in two close planes, shifted relative to each other along the optical axis.
The longitudinal phase derivative is proportional to the longitudinal component of
the wave vector. For measuring the phase with a resolution, smaller than the
wavelength, transverse section of the 3D beam in the focus can be scanned by
using a nanosized fluorescent sphere at the tip of the cantilever, as it was done, for
instance, in [47]. Since the reverse energy flow arises near the intensity zero and
occupies a region nearly tenth fraction of the wavelength, Weak Measurements
method, described in [48, 49], should be employed for its detection.
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Chapter 3
Reverse Canonical Energy Flow in 3D Laser <
Beams

3.1 Reverse Canonical Energy Flux in a Nonparaxial
Linearly Polarized Beam near the Initial Plane

The canonical energy flux was introduced in optics in works [1-5]. For a scalar light
field, the canonical energy flux is equal to a product of the light intensity (power
density) and of the gradient of phase distribution in the beam cross-section. It is also
called the orbital energy flux [6]. For a light field propagating in the positive
direction of the optical axis, orbital energy flux is always positive. However,
nonparaxial light fields, that have evanescent waves in the near field, can have
reverse canonical energy flux. For instance, reverse canonical energy flux was
discovered in the near field of a nonparaxial 2D Airy beam [7]. Since the orbital
energy flux vector is one of two terms, comprising the Poynting vector [8], which
also has a second term—the spin flux, then the negative values of the longitudinal
component of the Poynting vector, previously found in a number of works [9-11],
should be interpreted correctly. It has been shown earlier [12] that negative values of
the longitudinal component of the Poynting vector arise when the positive value of
the longitudinal component of the orbital energy flux is less than the negative value
of the longitudinal component of the spin flux vector. However, if the light field has
no spin flux, then the longitudinal component of the Poynting vector coincides with
the longitudinal component of the canonical energy flux vector. The canonical
reverse flux was also found near interfaces between two mediums [13, 14, 21],
where surface (evanescent) waves arise. The reverse energy flux was also studied in
spatiotemporal localized beams [15, 16]. Usually, the reverse canonical flux arises in
the presence of evanescent waves [7], but it was shown later [17] that the canonical
reverse flux is generated far from the initial plane, where there are no evanescent
waves, due to the superoscillation effect [18, 19]. The superoscillation effect arises
when a paraxial light field with a limited spatial spectrum can have local amplitude
modulations with a period smaller than the boundary values of the Fourier spectrum
[18]. It is also known [20] that near the center of the optical vortex (x + iy)", the
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modulus of the wave vector K, equal to the phase gradient

= |V (narctan(y/x))| = n/+/x* + y%, can be greater than the wave number of
the light wave k = 2x/A. The objective of this section is to show theoretically and
numerically, using a simple example of a non-paraxial light beam with linear
polarization, that in the near field near the intensity zeros, a reverse canonical energy
flow is formed. In this section, we employ the plane waves spectrum expansion
[21] and study propagation of a nonparaxial linearly polarized light field with the
amplitude of the plane waves spectrum being equal to a circle function circl(p/a),
where p is the radial polar coordinate in the spectral plane and a is a scaling
parameter (radius of circle in the spectral plane), which guarantees at a > 1 presence
of evanescent waves in the near field. We obtain an explicit expression for the
longitudinal component of the canonical energy flux. This expression indicates that
near the initial plane, a reverse canonical flux arises, whose coincides with the first
sidelobe of the light field intensity. The numerical simulation is carried out in two
independent ways: using the plane wave spectrum decomposition and the Rayleigh-
Sommerfeld integrals.

3.1.1 Canonical Energy Flux in the Near Field of a
Nonparaxial Circl-Beam

We consider here a vector light field with the electric strength vector, having near the
initial plane only one transverse component along the Cartesian axis x and the
longitudinal component along the axis z [21]:

o0

E.(r, 0,z ZJT/A exp(zkz 1-¢ >Jo(kr§).fd§

0 (3.1)

o0

E.(r,p,z) = —2micos ¢ /A &) exp <zkz 1- §2>J1(kr§)

0

52

vie®

In Eq. (3.1), A(&) stands for the amplitude of the plane waves spectrum, depending
only on the radial polar coordinate & = 4 /.fﬁ + &, (r, ) are the polar coordinates in

the beam cross section, k is the wavenumber of monochromatic light, Jy(x) and J;(x)
are the Bessel functions of the zero and first orders. Longitudinal derivatives of both
field components (3.1) in the initial plane (z = 0) are derived as
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1
0D ok [ /1 - Ea@ ks
0
21k / \/ & — 1A(E)Jo (kré)édE, (3.2)
1

o0
E
8z(ar7,z¢,z)|zzo = 2k cos ¢ / AT (ki) EdE.
0

The Poynting vector P, after omitting insignificant constants, is the sum of two
vectors [8]: the orbital energy flux vector (canonical energy flux) P, and the spin
flux vector Pg:

P =Py + Py = Im(E” - (V)E) + 1 (V x§).
S —Im(E’ x E).

(3.3)

The vector S in Eq. (3.3) is the vector of spin angular momentum (up to a constant).
Longitudinal component of the canonical energy flux, as follows from Eq. (3.3) is
given by

. 0 . 0 . 0
Por,z_lm(E S Bt E g B +E S E> (3.4)

Substitution of expressions for the field components (3.1) and for their derivatives
(3.2) into the expression for the energy flux (3.4) yields:

Porz|:—0 = k( 2712 /A Vo (kré .fdéf/\/l—ézA Vo(kré)EdE
0

1

—|—cosqo/A Wi (kré) ——=

0

(3.5)
£de

/ A& (kré)E2dE| .
1-¢& )

Longitudinal component of the canonical energy flux in the initial plane (3.5)
consists of two terms. The first term is circularly symmetric, whereas the second
one depends on the azimuthal angle ¢. At some values of this azimuthal angle, the
second term can turn to zero. Then, for ¢ = n/2 and ¢ = 3n/2, expression (3.5)
contains only the first term:
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Py, Z}::()i”/2 = k(2”)

A(E)o(kré)édéx

/ V1 - 24 kre)ede.
0

The first integral in Eq. (3.6) describes the amplitude of the transverse component of
the electric field strength vector along the axis x in the initial plane. Since this
integral is evaluated from zero to infinity, the beam amplitude is contributed also by
inhomogeneous evanescent waves. The second integral in Eq. (3.6) describes only
the propagating waves, since the integration is done from zero to unity. Equation
(3.6) indicates that at certain values r, the integrals can have different signs, and then
the reverse flux arises at these radii r. Equation (3.6) is written in a general form and
for its analytical treatment, we now consider a partial case when the amplitude of
plane waves spectrum has the form of a circl-function (a > 1):

I, é<a,
A(€) = circl (g) - {o, i - Z (3.7)

In this partial case, the integrals from Eq. (3.6) can be evaluated by using reference
integrals:

\/1_752]0(](,-5)5515 _ (ki)z <sink(fr) _ cos(kr)>,

2 Ji(kra)
kra

(3.8)

Jo(kré)édE = a

o\a o\_

Using Eq. (3.8), we obtain instead of Eq. (3.6):

0=l ok (naz 2J1(km)> L (Sin(k’) - cos(kr)). (3.9)

Por. kra ( kr)2 kr

For certain values of the radial variable r, both factors in Eq. (3.9) can have different
signs. Therefore, on the vertical axis y, reverse canonical energy flux arises at these
distances r. For instance, the first zero of the function J;(kra) is at r = 3.84/(2xna),
while the first zero of the second factor in Eq. (3.9) (this is the spherical Bessel
function of the order 1 or the usual Bessel function of the order 3/2) is at r = 4.2/
(2m). Therefore, the reverse flux on the vertical axis arises between these two zeros.
Using two other reference integrals:



3.1 Reverse Canonical Energy Flux in a Nonparaxial Linearly Polarized. . . 77
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/J](kré)é—df = %Js/z(kr) =
0
% (smk(fr) - cos(kr)), (3.10)
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0

we obtain an explicit expression for the longitudinal canonical energy flux in the
initial plane of linearly polarized circl-beam:

2, 2 [
Porz|z=0 = an kczl (smk(kr) — cos(kV)) X
(kr) ' (3.11)
J (kra) 2
[ rq T+ cos @Jy(kra)|.

At ¢ = n/2 and at ¢ = 3n/2, expression (3.11) coincides with (3.9). Expression
(3.11) indicates that the energy flux density distribution near the initial plane has an
asymmetrical shape. In a transverse cross section, maximal flux values reside on the
horizontal axis, since the linear polarization vector is directed along the x-axis, and
since the square of cosine on this axis is equal to 1. The reverse flux occurs where the
multipliers in round and square brackets in Eq. (3.11) are of different signs. The
multiplier in round brackets in Eq. (3.11) describes the amplitude of propagating
waves, whereas the multiplier in square brackets describes propagating and evanes-
cent (¢ > 1) waves near the initial plane. Since the first (off-axis) zero of the
multiplier in round brackets in Eq. (11), J3,5(x), is located at an approximate distance
of 4.2)/(2x) from the optical axis, and the first zeros of the Bessel functions J;(x) and
Jo>(x) from the multiplier in square brackets reside at distances 3.8\/(2na) and 5.1\
(2ma) from the optical axis, then, for a > 1.5, the reverse flux occurs at a distance r in
the interval 5.1M/(2xa) < r < 4.20/(2x). On the vertical axis (x = 0), as follows from
Eq. (3.9), the reverse energy flux in the initial plane arises after the first zero of the
first-order Bessel function, i.e. x > 3.8A/(2na) = 0.2\ at a = 3. Simulation confirms
this conclusion. The greater is the value of the parameter @ > 1, the greater is
contribution of the evanescent waves to the energy flux (3.11) and the greater is the
magnitude of the reverse canonical energy flux near the initial plane. If we choose
the plane waves spectrum in the form of a delta function A(¢) ~ 8(é—a), witha > 1,
then the evanescent waves propagate along the initial plane and form standing waves
with amplitudes proportional to E, ~ Jy(kra) and E, ~ Ji(kra). Although the
evanescent waves do not transmit energy along the z axis they participate in
generating the reverse energy flux, since they participate in generating the phase
function of the total field, whose z-derivative determines the sign of the longitudinal
component of the canonical energy flux vector.
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3.1.2 Reverse Canonical Energy Flux in the Presence
of Evanescent Waves

We consider here a simple example illustrating how evanescent waves participate in
generating the reverse canonical flux near the initial plane of a light beam. We
suggest that a light field is a superposition of a plane wave with the amplitude
A propagating along the axis z and of an evanescent wave with the amplitude
B propagating along the horizontal axis x:

E(x,z) = Aexp(ikz) + Bexp (—kz\/ a?—1+ ikxa). (3.12)

In Eq. (3.12), a is a dimensionless parameter that defines the wavenumber of the
evanescent wave, k, = ka, a > 1, k is the wavenumber of the plane wave. The phase
function of the superposition (3.12) is equal to

@ = arg(E(x,z)) = arctan (g),
P(x.z) = Asin(kz) + Bexp (—kzv a? — 1) sin(kxa), (3.13)

O(x.z) = Acos(kz) + Bexp (—kzv a® — l) cos(kxa).

Following Eq. (3.4), we can now derive the longitudinal component of the canonical
reverse flux for the field (3.12) at an arbitrary z:

Por. = Qa%P— Pa%Q -
kA[A +Bexp(—kzm) X (3.14)
(COS(kZ — kxa) + Va? — 1sin(kz — kxa))} .

For more convenient analysis, expression (3.14) can be rewritten for the initial plane
(z=0):

P or,z

o= kA [A + B(cos(kxa) - \/msin(kxa)ﬂ. (3.15)

As seen from Eq. (3.15), energy flux is negative if the following inequality is
satisfied:
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cos(kxcH— arctan(\/a2 — 1)) < _A A < aB,

aB’
M —N < kxa <2xr—M — N, (3.16)

M= arccos(Z—?), N = arctan(x/a2 — 1).

For instance, if A = B and @ = 3, then the area of the reverse energy flux in the initial
plane, nearest to the optical axis, resides in the subwavelength interval:
0.034 < x < 0.164.

3.1.3 Numerical Simulation

We conducted numerical simulation by using the Rayleigh-Sommerfeld integral. For
the field component E,, the Rayleigh-Sommerfeld integral is given by [22]:

E.(x,y,z>0) =

// uv,z =0 eXp(’kL)(kfl)d v, (3.17)

where L = \/ (u—x)* 4+ (v—y)* + 22 z is the longitudinal coordinate, k is the

wavenumber of light with the wavelength of A. The field component E, can be
computed based upon the initial transverse field component E\;:

E.(x,y,2>0) =

)
%/ /Ex(u,v,z: 0)(”_’5)%(%—%)@&/, (3.18)

For simulation, the following parameters were used: initial field 1000 x 1000 pixels,
4 x 4 A (one pixel is nearly A/250), amplitude distribution is E, = Jy(kra)/(kra),
E, = 0, parameter a is a = 3, r is the radial polar coordinate (in pm), wavenumber
k = 2n/\, wavelength A = 532 nm. The output field has the size of 500 x 500 pixels
in the domain (—A < x < 4, —A <y < A). The field was computed twice, at a distance
of z = 0.01A from the initial plane and at a distance of z + dz = 0.02A from it for
subsequent computation of the derivative: dE(z)/dz ~ [E(z + dz)-E(2))/dz. Shown in
Fig. 3.1 are the intensity of the component E, and its cross-section in the initial plane.

Figure 3.2 illustrates intensity distribution IEI* (Fig. 3.2a), its cross section
(Fig. 3.2b), as well as distribution of the longitudinal z-component of the canonical
flux P, (Fig. 3.2c) and its cross section (Fig. 3.2d) at a distance of 10 nm from the
initial plane.

Shown in Fig. 3.3 are the intensity distributions (a) and the longitudinal projec-
tion of the canonical energy flux (b), calculated using integrals (3.17)—(3.18). The
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Fig. 3.1 Intensity (a) and

the field component E, (b) in 1
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intensity in Fig. 3.3a is calculated in the initial plane (z = 0). To calculate the
derivative with respect to the z coordinate in (3.4), two complex amplitudes are
calculated at distances z = 0 and z + dz = 10 nm. The number of samples for the
entire frame of length 2\ is chosen to be 1000.

Comparison of the energy flux cross-sections in Figs. 3.2d and 3.3b reveals that
both curves almost coincide and that negative values of the energy flux in both
curves begin at the first sidelobe of the amplitude (Fig. 3.1b) or intensity (Figs. 3.2b
and 3.3a) at x = 0.2 This is consistent with the theoretical value obtained using the
Eq. 3.9) at a = 3: x > 3.8M(2na) = 0.2\

In this section, we have obtained the following results. Using the plane waves
expansion (3.1) for a linearly polarized nonparaxial light field with a constant
circular-shape plane waves spectrum (3.7), an explicit expression was obtained for
the longitudinal component of the canonical energy flux in the initial plane (3.11).
This expression reveals that, at first, longitudinal component of the energy flux does
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Fig. 3.2 Intensity [E” (a) and its cross sections (b) along the Cartesian axes at a distance of 10 nm

from the initial plane (at a = 3), as well as longitudinal component of the canonical energy flux P, .
(c) and its cross sections along the Cartesian axes (d) at the same distance




82 3 Reverse Canonical Energy Flow in 3D Laser Beams

Porz

d - x I !

Fig. 3.2 (continued)

not have a radially symmetric distribution (due to nonzero longitudinal component
in the light field). We note that the longitudinal component of the Poynting vector for
the considered case would be radially symmetric, since it does not include the
longitudinal field component. At second, Eq. (3.11) indicates that the canonical
flux can take negative values, starting from the first zero of the first-order Bessel
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Fig. 3.3 Distributions of intensity (a) and of the canonical energy flux (b) along the vertical axis
(x = 0) in the initial plane (z = 0) for the circl-beam (3.7) with a = 3, computed by using the plane
waves spectrum expansion (3.1)

function. Moreover, the wider is the plane waves spectrum, including evanescent
waves, the closer to the optical axis are the areas with the reverse flux. The
magnitude of the reverse flux is approximately 7 times smaller than that of the direct
flux. Numerical simulation, conducted by two methods, using the Rayleigh-
Sommerfeld integrals (3.17), (3.18) and using the plane waves expansion (3.1),
confirm the theoretical conclusions.

The fact that the reverse flow is 7 times smaller than the forward flow and is
formed in the near field makes its experimental detection difficult. The difficulties
are associated with the formation of a light field with a complex amplitude of 2.J,(kr)/
(kr) in the initial plane, as follows from (3.8) for a = 1. This requires to use an optical
element with a sharp change in surface relief of approximately 4/2(n-1) at a radius of
r = 3.81/(2n), where n is the refractive index of the material, to obtain a phase delay
of ©. While the light passes this step in the material, the conditions of the initial plane
change. Another problem is the formation of an interference pattern in the near field
with an external reference beam to obtain the phase distribution. The phase distri-
butions in the near field have to be obtained on two nearby planes to calculate the
derivative with respect to the longitudinal coordinate z (3.4). Another way to
generate the amplitude 2J,(kr)/(kr) is to focus the initial light field, limited by a
circular aperture, using a spherical lens. Focusing have to be sharp to form an almost
diffraction-limited focal spot with a radius of r = 3.84/(2r) = 0.64 or less. In this
case, all three components of the light field — E,, E|, and E, — are present in the
focal plane and should be measured separately. We plan to conduct such an
experiment. However, there are currently no experiments detecting the inverse
canonical energy flux.

Previously, the reverse energy flow was investigated in non-paraxial scalar beams
[23-25], in the sharp focus of vector light fields [26-28]. The reverse energy flow
was also considered in the cross section of light beams [29, 30] and near micropar-
ticles placed in a light beam [31, 32].
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3.2 Reverse Canonical Energy Flow at the Sharp Focus
of Vector Laser Beams

Reverse energy flow or negative values of the longitudinal component of the
Poynting vector was theoretically discovered rather long time ago [33, 34]. In
addition, reverse flow was investigated not only at the sharp focus of a coherent
light [8, 35, 36], but also in vector laser beams [9, 10], in highly diverging light fields
[37]. As was shown in [1, 2, 7], the Poynting vector is a sum of two vectors: orbital
energy flow vector (canonical energy flow) and spin flow vector (curl of the spin
angular momentum vector). Thus, it turned out that the spin component of a light
field contributes to the Poynting vector. Therefore, the Poynting vector not always
shows flow direction of light energy. Reverse canonical energy flow was studied in
2D light fields [6, 15, 24]. Two-dimensional light fields have only one component of
the electric vector and detecting the reverse canonical flow is thus relatively simple.
The reverse canonical flow was also found in quantum mechanics [38], in plasmonic
lenses [39], in light fields with superoscillations [40].

In this section, employing the Richards-Wolf formulae, we both theoretically and
numerically found a reverse canonical flow at the sharp focus of certain initial light
fields, such as linearly polarized optical vortex with an arbitrary integer topological
charge or cylindrical radially and azimuthally polarized light fields of an arbitrary
order. We also shown that circularly polarized optical vortex does not have the
reverse canonical flow in the focus plane.

3.2.1 Longitudinal Canonical Energy Flow at the Focus of a
Linearly Polarized Optical Vortex

For a linearly polarized optical vortex, initial Jones vector is given by

E,(6.0) = A(0) GXP(in(p)( (1)) (3.19)

where (7, @) are the polar coordinates in the beam transverse section, 7 is an integer
topological charge of the vortex, vector of linear polarization is directed along the
horizontal axis x. Function A(f) is a real-vale function that defines circularly
symmetric amplitude of the initial field and depends on the tilt angle 8 of a ray
outgoing from a point on the initial spherical wavefront and converging to the center
of the focus plane. For the initial field (3.19), electric and magnetic field vectors in
the plane of sharp focus have the following components [41]:
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The functions /,,, in Eq. (3.20) depend only on the radial polar coordinate
1,, = 2kf / sin”*! (g) cos® ¥ <§> cos'2(0)A(0)e™ %), (krsin 0)dO, (3.21)
0

where k = 2n/A is the wavenumber of monochromatic light with the wavelength A,
fis the focal distance of the focusing lens, « is the maximal tilt angle of rays to the
optical axis, that defines numerical aperture of the aplanatic lens NA = sin a, J,(€) is
the vth-order Bessel function of the first kind. Description of a light field at the focus
by using the functions (3.21) was derived for the first time in the classical work by
B. Richards and E. Wolf [34].

Further, using expressions (3.20) and (3.21), we obtain an expression for the
longitudinal component of the canonical energy flow vector at the sharp focus of the
initial light field (3.19). Up to insignificant multipliers, the Poynting vector P is a
sum of two vectors [8]: orbital energy flow vector (canonical energy flow) P, and
spin flow Pg:

P =Py, + Py = Im(E" - (V)E) +1(V x8).
S = Im(E* x E).

(3.22)

In Eq. (3.22), S is the spin angular momentum vector (up to a constant multiplier).
As follows from Eq. (3.22), the longitudinal component of the canonical energy
flow, parallel to the optical axis, is given by

. 0 . 0 . 0
Por; = 1Im (E S Bt By 5 Byt E! aZEZ) (3.23)

Substitution of Eq. (3.23) into Egs. (3.20) and (3.21) yields:

k _ _ _
Por (1, @) = 3 (210000 + Dops2loniz + Iop2lon-a+

2L itlinr 4 21Ty ey + c08(29) (londopnsn + Toplo -2+
Lypiolon + Dn—alon — 2Ln-iliner — 2L w1 liao) ]

(3.24)

where the integrals 7, are slightly different than the integrals (3.21) and are equal to
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1, = 2kf / sin“*! (g) cos® (g) cos®2(9)A(0)e* %), (krsin @)dO. (3.25)
0

The integrals (3.21) and (3.25) depend only on the radial coordinate r in the focus
plane and differ from each other by the different power of the multiplier cos 6.
Therefore, their products with equal indices in Eq. (3.24) can yield not only positive
values, but negative values as well. Besides, Eq. (3.24) indicates that the energy flow
distribution depends also on the azimuthal coordinate ¢. Since cos 2¢ equals —1 on
the vertical axis y (at ¢ = n/2), we can expect that negative values of the energy flow
on this axis. In addition, the reverse flow should arise both in the presence of an
optical vortex and in its absence (n = 0). At n = 0, instead of Eq. (3.24), we get:

Porz(r, @) = k[looloo + I2pla2 + 2111111+

! k . (3.26)
cos(2¢) (loolaz + Iooloo + 211111,1)].

3.2.2 Longitudinal Canonical Energy Flow at the Focus of a
Cylindrically Polarized Initial Field

If an initial light field is an mth-order cylindrical vector beam, the Jones vector for
the electric field is given by

E,.(0,0) = A(0) ( ;";2‘;" ) . (3.27)

In [42], using the Richards-Wolf formalism, explicit expressions were derived for all
components of the electric field strength vector in the sharp focus plane of a
cylindrical vector field (3.27):

Ey(r.p) = "' (cos(me)lom+ cos((m — 2)p) o m—2).
E(r,p) = " (sin(me) o — sin((m — 2)@)om_2), (3.28)
E.(r,p) =2i"cos((m— 1)) 1.

The integrals 1, in Eq. (3.28) are the same as in Eq. (3.21). Further, substituting
Eq. (3.28) into Eq. (3.23), we obtain the longitudinal component of the canonical
energy flow vector at the sharp focus of a cylindrical vector field:
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Poro(r, ) = k[lo,mjo,m + 12,m—272,m—2+
411y 1111 cos®((m — 1))+ (3.29)
cos(2(m — 1)g) (Ios,,jz,mfz + Iz,mfzio,m)] .

For m = 0 (linearly polarized initial field), Eq. (3.29) reduces to an expression for the
canonical energy flow, coinciding with Eq. (3.26):

Por(r,9) = k[Iooloo + Iolon + 41111, cos’ g+
+cos(29) (lo.ol22 + 122100) ]

= k[looloo + Iolon + 2111111+
+¢c0s(29) (loolaz + I2loo + 211 1111)] .

(3.30)

Equation (3.30), similarly to Eq. (3.26), indicates that on the vertical axis at certain
distances from the center, small values of the reverse energy flow can arise. Atm =1
(radially polarized initial field), Eq. (3.29) is independent of the azimuthal coordinate
@, and the reverse flow thus has the shape of narrow rings of a certain radius. These
rings are close to the rings of zero intensity. At m = 2, canonical energy flow (3.29)
depends on the azimuthal coordinate ¢ and the areas with the reverse flow are
distributed near the vertical axis:

Porz(r, @) = k[Ioolo + ool + 411111 1 cos® () +

- - (3.31)
+2¢08(2) (Io2T20 + 120102)].
As seen from Eq. (3.31), cosine of the double angle is equal to —1 at ¢ = n/2, and the
reverse energy flow is generated near the vertical axis y.
Now we consider an initial field with cylindrical polarization of another type, but
related with the field (3.27):

En(0,¢) = A(6) ( ZOS:I;Z“” ) . (3.32)

The initial light field (3.27) is the field with mth-order radial polarization, whereas
the light field (3.32) is the field with mth-order azimuthal polarization. At m = 0, the
field (3.27) has horizontal linear polarization, while the field (3.32) has vertical linear
polarization. At m = 1, the field (3.27) has conventional radial polarization, while the
field (3.32) has conventional azimuthal polarization. For a cylindrical field (3.32),
the strength vector of the electric field at the sharp focus has the following compo-
nents [43]:
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E (r,@) = " [sin(me)lom + sin((m —2)@)rm 1),
Ey(r,@) = "™ [~ cos(m@) o, + cos((m —2)@)rm_2], (3.33)
E.(r,p) = =2i"sin((m — 1))y y—1-

Comparison of Eqgs. (3.33) and (3.28) reveals that, up to signs, Eq. (3.33) can be
obtained from Eq. (3.28) by replacing the sines by cosines and vice versa. Longitu-
dinal component of the canonical energy flow vector (3.23) at the focus of the initial
field (3.33) is given by

Por(r,9) = k[TomIom + Lon—2lom—2+
A1y Ty sin?((m — 1)g)— (3.34)
—cos(2(m — 1)) (loml2m—2 + Iom—2Tom) ]

Equation (3.34) illustrates that the energy flow distribution at the focus of light with
mth-order azimuthal polarization looks similar to the energy flow distribution of
light with mth-order radial polarization (3.29), but the maximal reverse flow,
according to Eq. (3.34), is generated near the horizontal axis, rather than near vertical
axis, as indicated by Eq. (3.29). At m = 1, the reverse energy flow (3.34), similarly to
the reverse energy flow (3.29), has radial symmetry and resides on rings.

3.2.3 Longitudinal Canonical Energy Flow at the Focus of a
Circularly Polarized Optical Vortex

If the initial light field is an optical vortex with the topological charge of n and with
left circular polarization, the Jones vector of the electric field is equal to

E,(0,0) — A\(/‘? exp(ing) ( l_l) (3.35)

At the sharp focus of the initial field (3.35), the strength vector of the electric field
has the following components [41]:

n—1

l . .
E, = e’ (IOn + 6_2”/)]2 n72)»
V2 ’ ’
E — i S (_10 N 672i¢12 2) (3.36)
y = ——= n n—2)»
) \/E , ,

E. =2 Ver,, .
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Substituting Eq. (3.36) into Eq. (3.23), we obtain the longitudinal component of the
canonical energy flow vector at the sharp focus of a circularly polarized optical
vortex:

Por,z(rs 40) =k [10,n70,n + I2,i17272,n72 + 211,n7171,n71:| . (337)

Energy flow distribution at the focus (3.37) looks similar to the intensity distribution
at the focus of a circularly polarized optical vortex:

I= ‘Exlz + ’EY|2 + ‘Ez‘z = 1(2),11 +I%J172 + 21%’,171- (338)

As seen from Eq. (3.37), the longitudinal component of the energy flow is almost
equal to the intensity (3.38), multiplied by the wavenumber. Both distributions
(3.37) and (3.38) have circularly symmetric shape, i.e. depend only on the radial
coordinate r, and both distributions do not have negative values. It is obvious for the
intensity (3.38), since it is a sum of squares, whereas each term in the expression for
the energy flow (3.37) is a product of almost equal integrals (3.21) and (3.25) with
equal indices. Numerical simulation confirms this conclusion: circularly polarized
optical vortex does not have the reverse canonical flow in the focus plane.

3.2.4 Numerical Simulation

Mlustrated below are results of a numerical simulation, performed by employing the
vectorial Richards-Wolf integrals [34]. For several initial vector fields, we applied
the Richards-Wolf integrals to compute the amplitude distributions of components of
the electric field strength vector near the sharp focus of an ideal spherical lens. Using
these amplitude distributions, we computed the longitudinal component of the
canonical energy flow vector. The following parameters were used for computations:
wavelength A = 532 nm, focal distance f = 20A, numerical aperture NA = 0.95,
computation area — 1 pm < x, y < 1 pm, radial distribution of the initial amplitude
A@®) = 1.

Figure 3.4 depicts distributions of the intensity (Fig. 3.4a, d) and of the energy
flow (Fig. 3.4b, e), as well as of its sign (Fig. 3.4c, f) at the focus of the initial field
(3.19) with n = 0 (Fig. 3.4a—) and with n = 3 (Fig. 3.4d-f). As seen in Fig. 3.4, the
energy flow distribution looks like the intensity distribution, and near the vertical
axis, areas with reverse (negative) energy flow are arise, as is predicted by Eq. (3.24).
Maximal magnitude (by modulus) of the reverse flow amounts a fraction of a percent
of the maximal magnitude of the direct flow.

Shown in Fig. 3.5 are distributions of the intensity (Fig. 3.5a, d), energy flow
(Fig. 3.5b, e), and of its sign (Fig. 3.5¢, f) at the focus of the initial field (3.28) with
m =1 (Fig. 3.5a—c) and with m = 2 (Fig. 3.5d—f). As seen from Fig. 3.5, the energy
flow distribution looks similar to the intensity distribution, and that areas with the



90 3 Reverse Canonical Energy Flow in 3D Laser Beams

Fig. 3.4 Intensity distribution at the focus of an optical vortex (3.19) with linear horizontal
polarization (a, d), as well as distribution of the canonical energy flow (3.23) (b, e) and of its
sign (c, f). Red and blue color denotes positive and negative values, respectively. Topological
charge is n = 0 (a—c) and n = 3 (d-f)

Fig. 3.5 Intensity distribution at the focus of a cylindrical vector field (3.27) (a, d), as well as
distribution of the canonical energy flow (3.23) (b, e) and of its sign (c, f). Red and blue color
denotes positive and negative values, respectively. The order of the cylindrical beam is m = 1 (a—c)
and m = 2 (d-f)

reverse flow exist. At m = 1, energy flow has radial symmetry (Fig. 3.5b), and the
reverse flow distribution has a shape of concentric rings (Fig. 3.5¢), whose radii are
close to the radii of zero intensity. At m = 2, radial symmetry of the energy flow
disappears, and the areas with the reverse flow reside mostly along the vertical axis
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Fig. 3.6 Intensity distribution at the focus of a cylindrical vector field (3.32) (a, d), as well as
distribution of the canonical energy flow (3.23) (b, e) and of its sign (c, f). Red and blue color
denotes positive and negative values, respectively. The order of the cylindrical beam is m = 1 (a—c¢)
and m = 2 (d-f)

(Fig. 3.5f). At m = 0, cylindrical polarization reduces to linear, and intensity and
energy flow distributions coincide with Fig. 3.4a—c.

Figure 3.6 illustrates distributions of the intensity (Fig. 3.6a, d), energy flow
(Fig. 3.6b, e), and of its sign (Fig. 3.6c, f) at the focus of the initial field (3.32) with
m =1 (Fig. 3.3a—c) and with m = 2 (Fig. 3.3d—f). Figure 3.6 reveals that the energy
flow distribution looks similar to the intensity distribution and that areas with the
reverse flow arise in the transverse section. At m = 1, energy flow is circularly
symmetric (Fig. 3.6b), and generated reverse flow distribution has a shape of
concentric rings (Fig. 3.6¢c), whose radii are close to the radii of the intensity
zeros. At m = 2, circular symmetry of the energy flow disappears, and the areas of
the reverse flow reside mostly along the horizontal axis (Fig. 3.6f). At m = 0,
cylindrical polarization reduces to linear, and the intensity and the energy flow are
the same as in Fig. 3.4, but rotated by the angle of n/2.

Depicted in Fig. 3.7 are intensity distributions of a circularly polarized optical
vortex at the focus (Fig. 3.7a, c¢), as well as the energy flow distributions (Fig. 3.7b,
d) for two values of the topological charge n: 0 (Fig. 3.7a, b) and 3 (Fig. 3.7c, d). As
seen in Fig. 3.7b, d, reverse flow at the focus of the field (3.35) is not generated. This
is consistent with Eq. (3.37).

3.2.5 Discussion of the Results

Equation (3.22) indicates that the Poynting vector is different from the canonical
energy flow vector, if the curl of the spin angular momentum (SAM) is nonzero.
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Fig. 3.7 Intensity distribution at the focus of an optical vortex (3.35) with left circular polarization
(a, ¢), as well as distribution of the canonical energy flow (3.23) (b, d). Topological charge isn =0
(a,b)and n =3 (¢, d)

There is no such a light field that all its SAM components are identically zero.
However, there are light fields with one or two zero components of the SAM vector.
Instances of such light fields are light fields with azimuthal polarization. Indeed, as
seen from Eq. (3.33) at m = 1, the longitudinal component of the strength vector of
the electric field E, is zero, and thus at the focus only transverse field components
remain:

E.r,9) =isingp(lo1+121),

(r.o) : @(Io1+12,1) (3.39)
Ey(r, go) = —1COS §0(10,1+12!1).

Now we will show that the transverse components of the SAM vector at the focus

plane are zero for the initial field with azimuthal polarization. The spin angular

momentum vector is defined by the expression [44]:

1 x

with  being the angular frequency of light. Below, the constant 1/(16n®) is omitted
for brevity. The transverse components of the SAM vector (3.39) are given by:
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S, = 2Im (E;EZ), S, = 2Im(E'E,). (3.41)
As follows from Eq. (3.40), the transverse components of the SAM vector at the
focus of the field (3.33) are zero since the longitudinal component E, is also zero.
Thus, the longitudinal component of the curl of the SAM vector is zero as well:

08, 0S,

(VXS)Z_E_ ay

= 0. (3.42)

Therefore, for the initial light field with azimuthal polarization (3.32) with m = 1, the
longitudinal component of the Poynting vector in the sharp focus plane coincides
with the longitudinal component of the canonical energy flow:

P, = Po.(r.9) = k[loaToy + Ioalo+loaToy + IaTo]. (3.43)

The last two terms in the expression (3.43), containing products of the integrals
(3.21) and (3.25) with different indices, can have negative values, in contrast to the
first two terms. Therefore, the canonical reverse energy flow in the sharp focus plane
of azimuthally polarized light, illustrated in Fig. 3.6c, is at the same time the reverse
energy flow for the summary Poynting vector (3.22).

We have derived explicit analytical expressions for distribution of the longitudi-
nal component of the canonical energy flow vector in the plane of the sharp focus of
a linearly polarized optical vortex (3.24), of a vector field with radial (3.29) and
azimuthal (3.34) polarizations of an arbitrary integer order, and of a circularly
polarized optical vortex (3.37). It is demonstrated that initial fields with linear and
cylindrical polarizations have at the focus plane areas with reverse energy flow,
i.e. with negative values of the longitudinal component of the canonical energy flow
vector (Figs. 3.4c, f, 3.5¢c, f and 3.6¢, f). For a circularly polarized optical vortex, the
reverse energy flow was not detected at the focus (3.37). It is shown that for an initial
field with first-order azimuthal polarization, longitudinal components of the canon-
ical energy flow and of the Poynting vector at the focus coincide (3.43).

3.3 Coincidence of the Longitudinal Components
of the Poynting Vectors and the Canonical Energy Flow
in the Tight Focus of an Azimuthally Polarized Optical
Vortex

In modern optics, certain phenomena lack a complete and unambiguous interpreta-
tion. A prime example is the physical meaning of negative values of the longitudinal
component of the Poynting vector. In their seminal 1959 work, Richards and Wolf
[34] showed that in the plane of a tight focus for a linearly polarized input field, the



94 3 Reverse Canonical Energy Flow in 3D Laser Beams

longitudinal component of the Poynting vector can attain negative values, reaching
approximately 1% of its maximum positive value. The authors [34] termed this
behavior a ‘reverse energy flow’. However, the interpretation of negative Poynting
vector values as a reverse energy flow was challenged by the work of Bekshaev and
Soskin in 2007 [4]. They demonstrated that the Poynting vector can be decomposed
into the sum of two components: the orbital energy flow (canonical energy flow) and
the spin flow. The orbital energy flow for a scalar light field is proportional to the
intensity multiplied by the phase gradient, while the spin flow is proportional to the
curl of the spin angular momentum. Crucially, the spin component does not transfer
energy, as follows from the differential law of energy conservation: the divergence
of the Poynting vector appears in this law, and the divergence of the curl of any
vector is identically zero. Consequently, in regions with circular or elliptical polar-
ization (where spin is present), negative Poynting vector values cannot be automat-
ically interpreted as a reverse energy flow. For light with initial linear polarization, as
in [34], all three components of the electric field arise at the tight focus, contributing
to the longitudinal spin flow. Thus, in this case, the Poynting vector cannot be
identified with the canonical energy flow. Subsequent studies have reported negative
values of the Poynting vector at the tight focus of other vector fields [9, 35, 36] and
for some non-paraxial vector beams [10, 11]. However, since all these fields
possessed all three electric field components, the observed negative Poynting vector
values in these cases cannot be unequivocally attributed to a reverse energy flow.

The situation is different for non-paraxial 2D light fields. Such TE-polarized
fields have only one transverse electric component during propagation, and there-
fore, the longitudinal component of the Poynting vector coincides with the longitu-
dinal component of the canonical energy flow. As a result, reverse canonical energy
flows have been unambiguously identified for 2D non-paraxial light fields [7, 15,
24]. Furthermore, a reverse flow near the focus, associated with the superoscillation
effect, was demonstrated in [19] for a 2D light field transmitted through a superlens.
However, for some 3D vector fields, the Poynting vector may also coincide with the
canonical energy flux vector. This occurs in light fields that lack a longitudinal
electric field component. One type of such a vector field is discussed in this paper.

In this section, we theoretically demonstrate that at the tight focus of an optical
vortex with an arbitrary integer topological charge and azimuthal polarization, the
longitudinal components of the Poynting vector and the canonical energy flux
coincide. Therefore, the regions of negative Poynting vector values identified in
this work—which take the form of rings centered on the optical axis—can be
identified as regions of reverse energy flow. In these regions, the longitudinal
component of the local wave vector is negative, confirming that the energy flow is
directed opposite to the propagation direction.
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3.3.1 Poynting Vector and Canonical Energy Flow Vector
at a Tight Focus

We consider the tight focusing of an optical vortex with a topological charge n and
azimuthal polarization using an aplanatic lens (an ideal spherical lens). The Jones
vector of such a light field in the initial plane is given by:

. — sin
E = A(0)e™ ( N q)q’ > . (3.44)

Here ¢ is the azimuthal angle in the beam cross-section, A(6) is the amplitude, which
depends only on the radial variable r. The radial variable is related to the polar angle
0 by the expression r = f'sin 6, fis the focal length of a spherical lens. The light field
at the tight focus of the aplanatic lens is described within the framework of the
Richards -Wolf theory [34]. Expressions for the projections of the electric field
vector at the tight focus of an azimuthally polarized optical vortex were obtained in
[42]:

1 n— i(n p —i2¢
E = —5i ! [e( O (Lot + € 1)+

(g + €D i1)],

1 n | i(n —I 345
E_\, = El [6( +1)¢ (I(),rH-l — e 24)12,,,_1)— ( )
ei(nfl)tp (IO,n—l - eiz{pIZ,n-H),
E.=0.

From (3.45) it is evident that an azimuthally polarized optical vortex at the focus has
only transverse components of the electric field and no longitudinal component. This
property will be used in the following analysis. The Poynting vector

P =1 Re(E x H), (3.46)

where E and H are the vectors of the electric and magnetic light fields, c is the speed
of light in a vacuum, x denotes the vector product, Re() denotes the real part, and the
asterisk (*) denotes complex conjugation, is the sum of two vectors [8]: the orbital
energy flow (canonical energy flux) P ,, and the spin flow P

P =P, +P, = Im(E (V)E) + 5 (V ).
| @ (3.47)

S=—Im(E* X E).
()]
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In (3.47), S is the spin angular momentum (SAM) vector, and ® is the cyclic
frequency of light. The transverse projections of the SAM vector in (3.47) are:

2 . 2 x
Se==tm(EjE.), S, ==Im(EIE). (3.48)

From (3.48) it is clear that the transverse projections of the SAM vector at the focus
contain the longitudinal projection E_, which is equal to zero (3.45) for the light field
(3.44). Therefore, the transverse projections of the SAM themselves are equal to
zero. Consequently, the longitudinal projection of the curl of the SAM vector will
also be zero:

2s, 25,

(V' x8), = ax Oy

= 0. (3.49)

This means that for vector light fields lacking a longitudinal electric field component
at the focus, the longitudinal projection of the spin flow is also zero Pg,, = 0.
Therefore, for such fields, the longitudinal components of the Poynting vector P,
(3.46) and the canonical energy flux P,,.. coincide. Let us show this in more detail.
The projection of the canonical energy flux onto the longitudinal axis, as follows
from Eq. (3.47), is:

*5 *8 *8

Substituting the expressions from (3.45) into (3.50) we obtain:

Por,z(r) = % [(IO,n—l + IZ,n—l)(io,n—l + 72,n—l)+

(Tonr1 + Lopir) Tomsr + Tons1) ]

, (3.51)

where the integrals 1, , and I, ,, differ slightly from each other and have the form:

0 ikz cos .
—2kf/sm ( )cos3 ”(5) cos/2(0)A(0)e™°%) , (krsin 0)dO, (3.52)

1,, =2kf / sin” < >0083 <§> cos*2(9)A(0)e* %), (krsin @)dO. (3.53)

In (3.52) and (3.53) k = 2n/A is the wave number of monochromatic light with
wavelength A, a is the maximum angle of inclination 8 of the rays to the optical axis,
which determines the numerical aperture of the aplanatic lens NA = sin «, J , (§) is
the Bessel function of the first kind of order p. From (3.52) and (3.53) it is clear that
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the integrals depend only on the radial variable r. Therefore, the distribution of the
canonical energy flow (3.51) has circular symmetry. The longitudinal projection of
the Poynting vector (3.46) at the focus of the vector field (3.44) has the form [42]:

1
P.(r) = 2—0[(10,11—1 + Ly1)Top—1 — Ipp1)+

(Tops1 + Dopi1) Tons1 — Tans1))-

(3.54)

Eq. (3.54) includes only integrals (3.52). Comparing Egs. (3.51) and (3.54), it is
evident that their equality requires the following relations to hold:

Lop-1 — oy = Iop—1 + Iop-i, (3.55)

Lopit — Dppsr = Topsr + Loy
The second index in integrals (3.52) and (3.53) is equal to the order of the Bessel
function. In the first expression in (3.55), the second index is the same for all
integrals and equals n — 1, and in the second expression in (3.55), the second
index is also the same for all integrals. Therefore, instead of proving the validity

of the two expressions in (3.55), we prove the validity of a more general expression
with an arbitrary second index:

Loy — Loy = Ioy + Iy (3.56)

Using the explicit form of integrals (3.52) and (3.53), instead of (3.56) we obtain:

2kf / (sin (g) cos® (g) —sin® (g) cos (g) ) cos/2(0)A(0)e™ 0 ], (krsin)d6 =
0

=kf / (sinBcosB)cos®/*(0)A(0)e™ ], (krsind)dod =

0
=2kf / (sin3 <g> cos (g) +sin (g) cos’ (g) ) cos®2(0)A(0)e™0 ], (krsin6)do.
0
(3.57)

The longitudinal component of the canonical energy flow (3.51) for a light field with
only transverse components (3.45) can be written in a more intuitive form:

0 0
Por,z = ‘E.r|2§Z(MgEx) + |Ey|zaiz (aIgEy) (358)
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That is, the longitudinal energy flow is proportional to the intensity distributions and
phase derivatives along the longitudinal z-coordinate of each component of the
electric vector. At those points in the focal plane where the phase derivatives are
negative, a reverse energy flow occurs. The longitudinal phase derivatives are equal
to the projections of the wave vectors [2]:

0 0
ke, = PR (argEy), Ky, = PR (argEy). (3.59)

Therefore, the reverse energy flow at the focus means that in this part of the focal
plane the wave vector is directed opposite to the direction of propagation, as it has a
negative projection onto the optical axis.

3.3.2 Numerical Simulation

The focusing of an azimuthally polarized vector beam with a wavelength of
A = 532 nm was simulated using the Richards -Wolf integral. The incident
wavefront was assumed to be plane. The numerical aperture was NA = 0.95.
Figures 3.8 and 3.9 show the results of focusing a plane wave (n = 0) with azimuthal
polarization using an aplanatic lens.

From Fig. 3.8 it is evident that the intensity and energy flux patterns are similar
and have circular symmetry. From Fig. 3.9 it follows that the reverse flow is not large
(approximately 1% of the maximum forward flux) and occurs near zero intensity. It
also follows from Fig. 3.9b that the longitudinal projection of the wave vector is
negative in the region of the reverse flow.

Figure 3.10a shows the distribution of the longitudinal Poynting vector compo-
nent P, in the yz-plane near the focus (approximately —2A < z < 2A) for the initial
field with n = 0. It can be seen that the reverse flow (yellow) occurs not only in the
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Fig. 3.8 Distribution of intensity I = IE,I> + IEVI2 (a) and longitudinal component of the Poynting
vector P,(b) in the focal plane of the beam (3.44) with azimuthal polarization (n = 0)
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Fig. 3.9 Radial profiles of the intensity (blue curve) and longitudinal component of the Poynting
vector (green curve) from Fig. 3.8 at the focus (a). An enlarged view of these sections near the zone
of reverse energy flow (near the first two zeros of intensity) in the focal plane (b)
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Fig. 3.10 Longitudinal projection of the Poynting vector in the yz plane for the initial field (3.44) at
n =20 (a),n =2 (b) and n = 3 (c). Area with negative sign of the longitudinal projection of the
Poynting vector is marked as white

focal plane (z = 0) but also along the optical axis, extending to almost two
wavelengths both before and after the focus. Analogous distributions of P, in the
yz-plane are presented in Fig. 3.10b for n = 2 and in Fig. 3.3c for n = 3. For these
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vortex beams, the reverse flow is almost absent in the focal plane itself, but the
region of reverse energy flow in the paraxial area expands significantly along the
propagation direction, both before and after the focus.

As can be seen from Fig. 3.9b, the reverse flow in the focal plane for an
azimuthally polarized field without a vortex occurs at a radius where the intensity
is zero. This is consistent with theory. In [42], an expression was obtained for the
intensity distribution in the focal plane for an azimuthally polarized optical vortex:

1
I(r) = [(IO,n—l +Dp1)’ + Hopst + Tonrn)?]- (3.60)

T2
In the absence of an optical vortex (n = 0) the expression for intensity (3.60)
simplifies to:

I(r) = (Iog + 121).2 (3.61)
The expression for the energy flow (3.54) also simplifies for n = 0:

1

Pz(r):E

(Io1 = 131)- (3.62)
A comparison of Egs. (3.61) and (3.62) reveals that the intensity is zero at a radius r;
where the two integrals in Eq. (3.61) are equal in magnitude but opposite in sign:
Iy = — L. At this radius ry, the energy flow in Eq. (3.62) will also be zero.
Furthermore, Eq. (3.62) shows that a reverse energy flow occurs within rings whose
radii satisfy r; < r < r,. The larger radius r, in this inequality, as seen from
Eq. (3.62), is determined by the condition Ip; = I»;, at which the energy flow is
also zero: P,(rp) = 0. It is interesting that at a smaller radius r;, both the intensity and
the energy flow are zero, whereas at a larger radius r,, only the energy flow (3.62) is
zero, while the intensity (3.61) is non-zero. This means that at radius r,, the energy
flow is purely transverse (the wave vector has no longitudinal component). Next, we
express the energy flow (3.62) for the azimuthal field in terms of the intensity and the
z-derivative of the phase of the azimuthal component of the field (3.45). For n = 0,
instead of (3.45), we obtain:

E,.=— sin(p(IoJ + 12,1)»

3.63
Ey = COSgD(I()!l + 12’1). ( )
In polar coordinates, Eq. (3.63) can be written as:
E, =0,
(3.64)

E(p = 10,1 —+ 12,1.
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From Eq. (3.64), it is clear that at the focus of the azimuthally polarized field without
a vortex, only the azimuthal component of the electric field is present. Therefore, the
energy flow in Eq. (3.19) can be written as:

1
P(r) :E(IO,I + L))oy — 1)) =
3.65)
1 2 (Tog —In) 0 (
o1 +1 ==L =] _—argE,.
C(O,l 21) oy +121) oz gLy

From Eq. (3.65), it follows that the z-component of the wave vector in the focal plane
for the azimuthally polarized field is given by:

0 (I — Ip1)
k,==argE, = ————>*. 3.66
4 azarg % C(IO,I +12,1) ( )
From Eq. (3.66) it follows that under the condition I, ; = — I, the denominator

tends to infinity at radius ry; moreover, at r < r | the projection of the wave vector on
the z-axis tends to plus infinity, and for » > r | the projection of the wave vector tends
to minus infinity (Fig. 3.9b). However, since at the radius r | the intensity is zero, the
wave vector k, is large (giant), but finite. When the wave vector of the light field
becomes greater in absolute value than the wave number of light k = 2x/ 4, then in
this region in the focal plane the effect of superoscillations is realized [17]. At the
radius r,, where Iy ; = I, 1, the numerator of the fraction in (3.66) is zero, and thus the
longitudinal component of the wave vector is zero. At this radius the reverse flow
ends, and the longitudinal projection of the wave vector becomes positive. It should
be noted that for the reverse flow to arise outside the focal plane for optical vortices
(n > 0), the presence of rings with zero intensity is necessary. However, as follows
from Eq. (3.60), this requires the simultaneous satisfaction of two conditions: Iy,
n-1= —Ih n_ 1 Iop 1= — L , . However, it is impossible to
simultaneously satisfy these two conditions on a single ring. Therefore, in
Fig. 3.11b and Fig. 3.12b, there are no reverse flows in the focal plane. There are
only reverse energy flows near the optical axis before and after the focus, with a
magnitude of approximately 1% or less of the forward energy flow.

Figure 3.11 shows the intensity (a) and longitudinal energy flow (dashed line in
Fig. 3.11b) at a distance of 0.87 pm from the focal plane when focusing a second-
order optical vortex with azimuthal polarization (3.44). It follows that the reverse
flow is obtained near the optical axis and its magnitude is approximately 1% of the
forward energy flux.

The mechanism for the formation of a reverse flow at a tight focus of azimuthally
polarized light is illustrated in Fig. 3.12. The reverse flow is formed near the zero
intensity points. In this case, the longitudinal projection of the wave vector assumes
gigantic values and has a negative sign (i.e., the normal to the local wavefront is
directed toward the source).
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Figure 3.13 shows the phase distributions near the first intensity zero (blue curve)
in the focal plane itself (green curve with a phase jump of z) at some distance from
the focal plane dz = 8 nm (dashed curve). Figure 3.6 shows that before the first
intensity zero, the longitudinal phase difference is positive (dashed curve above the
green curve), and after the first intensity zero, where the reverse energy flow occurs,
the longitudinal phase difference is negative (dashed curve below the green curve).
That is, in the region of the reverse energy flow, the longitudinal phase derivative
(3.66) is negative. Therefore, the reverse energy flow occurs because the light field
compensates (smooths and reduces the phase difference) for the phase jump of z.

In this section, we obtained the following results. Using the Richards-Wolf
formalism, which adequately describes light near the focus of a high-numerical-
aperture system, we derived analytical expressions for the longitudinal components
of the Poynting vectors and the canonical energy flow at the focus of an optical
vortex with azimuthal polarization. It was shown theoretically that they are equal. It
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Fig. 3.12 Modulus of the
azimuthal component of the
electric field E,, (3.64) (a)
and the intensity cross-
section (blue curve), the
longitudinal component of
the Poynting vector (brown
curve) and the longitudinal
component of the local wave
vector (yellow curve) (b)

Fig. 3.13 Intensity (blue
curve) and phase (green and
red curves) cross-sections in
a tightly focused
azimuthally polarized beam
at the focus (blue and green
curves) and at a distance

dz = 8 nm from the focus
(red curve)
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was also shown that, for azimuthally polarized light without an optical vortex, a
reverse energy flow arises near the rings of zero intensity in the focal plane. Near
these rings, the longitudinal component of the wave vector reaches gigantic values
and changes sign when crossing zero intensity rings. Moreover, the canonical
reverse flow near the optical axis before and after the focus was detected for the
first time (Fig. 3.10). Previously, only negative values of the longitudinal component
of the Poynting vector were detected on the optical axis at the focus [9].

3.4 Two-Dimensional Optical Vortices
in Three-Dimensional, Nonvortex, Nonparaxial Beams

It is well-known that light fields can contain optical vortices in their cross-section. In
such optical vortices, energy propagates along a spiral trajectory [45]. Ordinary
scalar optical vortices carry orbital angular momentum [46] and have a topological
charge [47]. Both quantities are conserved during free-space propagation. If a beam
has isolated intensity zeros in its cross-section, these zeros do not disappear during
propagation in free space. In this case, lines of zeros appear in the longitudinal
section [37]. Structurally stable beams, such as Laguerre-Gaussian beams [48],
exhibit not only an isolated intensity zero on the optical axis, but also a countable
number of rings with zero intensity. These rings are conserved during free-space
propagation and appear as lines of zero intensity in longitudinal radial planes [49]. It
is also known that for non-paraxial light fields that are not modes (for example,
Bessel-type beams) lines of intensity zeros in the cross-section yield isolated inten-
sity zeros in longitudinal sections [50]. Similarly, vector beams at a tight focus can
contain lines of intensity zeros (for example, rings), which result in isolated intensity
zeros in the longitudinal section [42]. In contrast, 2D non-paraxial modal beams,
such as Weber beams [51], possess no intensity zeros. Their complex amplitude is
expressed through products of two Weber functions, which are in turn expressed
through Hermite polynomials of a complex argument. It is known that Hermite
polynomials have only real roots. Vector beams have lines of intensity zeros at the
tight focus. However, some 2D paraxial light fields can exhibit isolated intensity
zeros at the focus [24].

In this section, using the Richards-Wolf formalism [34] in a tight focus and the
expansion of a non-paraxial light field into a plane-wave spectrum [21], it is shown
that three-dimensional irrotational light fields, which contain lines of zero intensity
in the cross section and isolated intensity zeros in the longitudinal section, form 2D
optical vortices at these intensity zeros. An energy flow circulates around vortices.
Moreover, along part of the closed circulation path, the energy flow is directed
opposite to the optical axis.
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3.4.1 Toroidal Canonical Energy Flow at the Focus of a
Non-paraxial Beam

We consider a vector light field that, near the initial plane, is characterized by a
single transverse component of the electric field along the Cartesian x-axis and a
longitudinal component along the z-axis [21]:

oo

E.(r,p,z —27[/14 exp(zkz 1-¢ )Jo(krf)fdf

0 (3.67)

oo

2
E(r,9.2) = —2micosg / Ag) eXp(ikzx/l - §2>J1(kr§) —\/li?dg.

0

In Eq. (3.67) A(§) is the amplitude of the plane wave spectrum, which depends only
on the radial coordinate & = 4 /é_,zc + zf, (r, @) are the polar coordinates in the beam

cross-section, k is the wave number of monochromatic light, Jy(x) and J;(x) are the
Bessel functions of the zeroth and first orders. For simplicity, we choose in
Eq. (3.67) the amplitude of the plane wave spectrum as a circl-function:

(8 _ L é<a
A() = czrcl(a> = {0’ £ a (3.68)

If a > 1, evanescent waves are present in the near field of the beam (3.67). Using
Eq. (3.68), the integrals in Eq. (3.67) for the initial plane (z = 0) can be evaluated via
known integral formulas [21]:

V1= Entrasie =y (S5 coster)

Jo(kré)éde = @2 ]Ef;“) .

(3.69)

o\a O\H

For the longitudinal component of the field (3.67) in the initial plane, two other
known integral formulas can be used [21]:
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V1-=&

1
/ Ty (k) o d = | S (kr) =
0
% (sin(kr) _ COS(kr)), (3.70)

/h@@éﬁth%m,
0

For the vector field (3.67), the phase distribution must be analyzed by considering
each of its components separately. We will first investigate the transverse component
shifted along the optical axis over a distance zy. Then the transverse component of
such a shifted field

a

E(r,z;z0) = 2=x / exp (ik(z —20)\/ 1 — §2>Jo(kr§)§d§,
0

E(r,z=2z) = ﬂa2<w> a<l.

(3.71)

From Eq. (3.71), it follows that the beam, which we will term a circular beam
following Eq. (3.68), exhibits autofocus at a distance z from the initial plane. The
transverse intensity distribution in the focal plane takes the form of an Airy disk,
described by the squared first-order Bessel function divided by its argument (the
second expression in Eq. (3.71)). The light field is independent of the azimuthal
angle ¢ and thus possesses circular symmetry, representing the simplest
non-paraxial irrotational field. However, if we consider any longitudinal cross-
section of this field (e.g., the horizontal xz-plane), the phase distribution within
that plane reveals two-dimensional (2D) optical vortices of £1 orders. Indeed, in
the focal plane, beam (3.71) possesses a countable number of null lines. These null
lines constitute a set of concentric circles centered on the optical axis. Upon crossing
each circle radially, the phase of the light field (3.71) undergoes a m-phase jump.
Consequently, there are no optical vortices in the transverse cross-section due to the
absence of isolated intensity nulls. In contrast, in longitudinal radial cross-sections of
beam (3.71), isolated intensity nulls emerge, around which two-dimensional optical
vortices are formed. Figure 3.14a shows the square root of the absolute value of the
beam amplitude from Eq. (3.71) in the focal plane. The square root of the amplitude
is plotted to clearly show the first few rings of the Airy pattern and the circular
intensity nulls. The calculation parameters are as follows: wavelength A = 532 nm,
focal length zo = 2\, upper integration limit a = 1, calculation domain -2A < x < 2A,
0 < z <4\, number of points along each axis N, = N, = 1025, and number of points
for the integration over variable & N: = 200. The radius of the first zero-intensity
circle is rg = yy1/(ka) ~ 0.76\, which coincides with the figure (ry = 0.61).
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Fig. 3.14 The square root of the amplitude modulus in the focal plane (xy coordinates) at a distance
zo = 2/ from the initial plane for beam (3.71) with parameters a = 1, A = 532 nm (a); intensity at the
same location (b); amplitude (c¢) and phase (d) in the longitudinal horizontal section of beam (3.71)
in the xz plane. Size of transverse frames is 41 x 44 (a, b), size of longitudinal frames is 44 x 44
(c,d)

Figure 3.14c demonstrates that isolated intensity nulls are located on the horizontal
x-axis. Around these zeros, the phase distribution (Fig. 3.14d) changes from O to 2%
upon a full circuit, indicating the formation of 2D optical vortices. Specifically,
Fig. 3.14d reveals three optical vortices with a topological charge of —1 for x > 0
and three with a topological charge of +1 for x < 0. These two-dimensional vortices
are unusual because they are located in the longitudinal plane. Energy flow circulates
around the centers of these vortices. For intensity zeros associated with optical
vortices of topological charge —1, the circulation is clockwise. In Fig. 3.14d, such
vortices are located on the right-hand side of the horizontal axis. Conversely, for
optical vortices with a topological charge of +1, the energy flow circulates counter-
clockwise around the intensity zero. In Fig. 3.14d, these zeros are found on the left-
hand side of the horizontal axis. However, when the energy flow in the longitudinal
xz plane rotates, then along some part of its trajectory the energy flow is directed
back. We demonstrate that this local reverse energy flow is linked to the intensity
zeros at the focus of beam (3.71). For beam (3.67), considering Eq. (3.68), an
expression for the longitudinal component of the canonical energy flow can be
derived. The longitudinal z-component of the canonical energy flow is given by [8]:

1 . 0 . 0 . 0
Pl)r,z :klm<EXaZEX+EVaZEy+EZ aZEZ> (372)
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Fig. 3.15 Instantaneous
amplitude of the light field
(3.71) in the xz plane with
lines of constant phase. Near
the focus at zo = 2\ in a
central frame of size 4 x A.
The corresponding phase
values are annotated
adjacent to their contours
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By substituting the projections of the electric field vector of the beam (5) into
Eq. (3.6), and evaluating them using the integrals (3) and (4), we obtain in the
focal plane (z = zg):

POI',Z

=0 =

4r’d® (sin(kr) .
(kr)? ( kr cos(k )> ) (3.73)

e

—— 4 coszgan(kra)} .

Eq. (3.73) indicates that the radius of the first intensity zero will be slightly larger
than the first zero of the Bessel function J,(3.8) = 0, yielding an approximate value
of r = 0.6\. The reverse flow region is shown in more detail in Fig. 3.15, which
depicts lines of constant phase for the transverse component of the field (3.71) in the
longitudinal plane xz within the central area A x 1. The center of the focal spot is set
as the coordinate origin. From Fig. 3.15 it is evident that at x = 0.2 um the energy
propagates in the positive direction, since the phase values sequentially increase:
1.36, 2.59, 3.55, 3.82, 5.05, 2=. Then, at z = 0, the phase undergoes 2x jump and
continuing upward along the same line x = 0.2 pm, the phases increase again and
repeat: 1.36, 2.59, 3.55, 3.82, 5.05. In contrast along the line x = 0.3 pm, the phase
initially increases (1.36, 2.59, 3.55, 3.82), then decreases upon crossing the hori-
zontal axis (3.82, 3.55), and finally increases again (3.55, 3.82, 5.05). A local
decrease in phase with increasing z distance signifies a negative projection of the
wave vector onto the z-axis. From Fig. 3.15, the approximate subwavelength area of
this reverse energy flow region: 0.26 pm < x < 0.31 pm; —0.1 pm < z < 0.1 pm.
Thus, the diameter of the energy circulation region around zero intensity is approx-
imately 0.2A. A similar region with reverse energy flow exists for negative x values.
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The existence of a reverse energy flow leads to the question of energy conserva-
tion in such light propagation. The answer can be gained from the analogy of a river
with containing a whirlpool. In the whirlpool water circulates around the center of
the vortex, with local motion both along and against the main flow. In a steady state,
the overall amount of water in the river remains constant, since ‘“new” water
bypasses the vortex while the same “old” water recirculates within it. We derive
the differential law of energy conservation from the Helmholtz equation. The
Helmholtz equation for a scalar field is:

o R
<£+ 7 +a—2+k2>E(x,y,z) =0,
E(x,y,z) = A(x,y,z) expliy(x, y,2)].

(3.74)

Instead of using Eq. (3.74) for the complex amplitude, we can express the result as
two equations for the modulus and for the argument (phase) y(x, y, z) of the complex
amplitude A(x, y, z):

0> 0> Oy A

T A (ax) +(az> TEA=0

oAdy 2Ady O (3.75)
o T ATEY T 25,9y T A

5A81// 52 B

The second equation in (3.75) can be rewritten in a clearer form:

0 (20 \ . 0(0d \.0[(pd \_
ax<A I >+ay<A oY >+a (A 22" )

div(P,,;) =0,

d 0 (3.76)
P,.= (A* = A?
= (o (v )
0
A2
( koz" )
In Eq. (3.76), X, y and z denote the unit vectors along the Cartesian coordinate axes.
From Eq. (3.76), it follows that the divergence of the canonical energy flow vector is
zero. This expression represents the differential law of energy conservation in
stationary form. Eq. (3.76) remains valid irrespective of the sign of the phase

derivative Oy/0z, that is, it remains valid both in the presence and in the absence
of a reverse energy flow in the light field.
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3.4.2 Toroidal Canonical Flow at Tight Focus

As shown in Ref. [42] for a tightly focused optical vortex with cylindrical polariza-
tion, the Jones vector in the initial plane has the form

(3.77)

E = A(6) exp(imgp) ( ~ sin(n) )

cos(ng)

where A(0) is the amplitude of the initial field in an aplanatic system with focal
length f'= rcosB, (r, @) are the polar coordinates in the beam cross-section, m is the
topological charge of the optical vortex, n is the order of the cylindrical vector beam,
the longitudinal component of the Poynting vector without irrelevant constants
P = Re[E* x H], Re is the real part, has the form:

1
Pz - E (‘Io,m+n|2 + |10,m—n|2 - |12,m+n—2‘2 - |I2,m—n+2|2> . (378)

In (3.78) the following notation is used for the functions /,,,, which depend only on
the radial variable r near the focal plane (z = 0):

1, = 2kf / sin“*! (g) cos> ™V (g) cos'2(0)A(0)e™ %), (krsin 0)dO, (3.79)
0

where a is the maximum angle of inclination of the rays to the optical axis 6, which
determines the numerical aperture of the aplanatic lens NA = sin «, J, (€) is the
Bessel function of the first kind of the v'™ order. In the special case of an optical
vortex with linear polarization along the y-coordinate (at n = 0), instead of Eq. (3.78)
we obtain:

Pz = ‘IO,m|2 - |12,m—2|2- (380)

From Eq. (3.80) it follows that the toroidal energy flow, determined using the
Poynting vector, will be formed around circles with a center on the optical axis.
The radii of these circles are defined from the equations for the equality of the
longitudinal component of the Poynting vector to zero:

[Tom| = [l2m—2]. (3.81)
Interestingly, the centers of toroidal energy flows will also located on these same

radii in another special case—when the topological charge of the field (3.77) is zero
(m = 0). Then, instead of Eq. (3.78), we obtain
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P, = lou|” = [lan-al’ = (Tom — Inn2)Uop + T2n2). (3.82)

And the radii of the circles containing the centers of toroidal energy flows are
determined by an equation similar to Eq. (3.81):

[loa| = |I2-2- (3.83)

From a comparison of (3.81) and (3.83), it is evident that when n = m, the
distributions of the longitudinal component of the Poynting vector in the focal
plane are identical. Using (3.72), an expression for the longitudinal component of
the canonical energy flow vector in the focal plane can be derived for the initial field
(3.77) with m = 0:

Por,z(r’ Q’) = [10,1170,n + 12,n7272,1172 + 2Il,nflil,nfl -

- - - 3.84

cos(2(n — 1)) (lonl2n—2 + Ion—2lon + 211 n—1T10-1)]. (3:84)
In Eq. (3.84) the functions I ,, , are defined in Eq. (3.79), and the functions I, are
slightly different from Eq. (3.79) and are equal to:

1, = 2kf / sin**! (g) cos> ™ (g) cos®2(9)A(0)e* <30, (krsin 0)d. (3.85)
0

From a comparison of (3.82) and (3.84), it is evident that the longitudinal component
of the Poynting vector at the focus of an azimuthal field of order n differs signifi-
cantly from the longitudinal component of the canonical energy flow. The energy
flow distribution in Eq. (3.84) has circular symmetry, and the energy flow in
Eq. (3.84) depends on the azimuthal angle ¢, and the maximum of the reverse
flow is located on the horizontal axis at ¢ = 0 and ¢ = =. The energy flow (3.84) on
the horizontal axis is equal to:

Por,z(rv P = O) = (IO,n - 12,t172) (TO,n - 72,r172)~ (386)

From the comparison of (3.82) and (3.86) it follows that both energy flows vanish at
the same radius, given by the expression I, = I ,». It should be noted that that for
n = 1 the dependence on the azimuthal angle ¢ in the canonical energy flow (3.84)
vanishes. In this case both energy flows are identical, since the expressions are equal:

log —Iny = Iog + I (3.87)
That is, for azimuthal polarization in the focal plane, the longitudinal component of

the Poynting vector coincides with the longitudinal component of the canonical
energy flow vector. Figure 3.16 shows the intensity (a) and canonical energy flow
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Fig. 3.16 Intensity distribution at the focus of the vector field (3.77) with azimuthal polarization
(m = 0, n = 1) (a); distribution of the canonical energy flow (3.84) (b) and its sign (c): red color
denotes positive sign, blue color denotes negative sign. Frames have dimensions of 2\ x 2A, the
wavelength is A = 532 nm, the numerical aperture is 0.95

(b) distributions at the beam focus (3.77) for m = 0 and n = 1. Figure 3.16¢ shows
that the reverse flow occurs on concentric circles centered on the optical axis.

Tight focusing of an azimuthal-polarized beam was simulated using an aplanatic
objective with a numerical aperture of 0.95, assuming a flat wavefront and the
wavelength of 532 nm. Figure 3.17 shows the distribution of the modulus
(Fig. 3.17a) and phase (Fig. 3.17b) of the azimuthal component E, im =0, n = 1)
of the electric field in the longitudinal plane yz. It also shows the direction of the
canonical energy flow near the points with vortex behavior of E,. From Fig. 3.17b it
is evident that at the points with zero intensity on the vertical axis there are four 2D
optical vortices: two at the top with a topological charge of +1 and two at the bottom
with a topological charge of —1. The energy flow circulates around these vortices in
the vertical longitudinal plane yz. Figure 3.17c shows that the energy flow rotates
counterclockwise around the two upper intensity zeros. Along part of this trajectory,
the energy flow is directed opposite to the optical axis (reverse energy flow). The
energy flow near the 3D focal plane circulates around 2D optical vortices along a
circumference of radius approximately 0.1A.

Figure 3.17 shows that the energy flow propagates in the forward direction
between two 2D optical vortices with identical topological charges of +1, separated
by a small subwavelength distance of approximately 200 nm. Interestingly, when
two adjacent vortices with opposite topological charges appear in the path of the
light, the forward light passes between them if the optical vortex to the left of the
forward flow has a topological charge of +1, and the one to the right has a topological
charge of —1, as in Fig. 3.17b. If the signs of the left and right 2D optical vortices are
reversed (the left has a topological charge of —1, and the right has a topological
charge of +1), the energy flow between the vortices will be directed in the opposite
direction (the light wall is formed). Consequently, the forward energy flow cannot
pass between the intensity zeros, but will be forced to circulate around these zeros.
The latter case is illustrated in Fig. 3.17d, which shows the phase for the azimuthal
field (3.77) E, (m = 0, n = 1) in the longitudinal yz plane behind the focus at a
distance of approximately two wavelengths. It is evident from Fig. 3.17d that the
direct energy flow does not pass between two vortices with topological charges —1
(upper) and + 1 (lower), separated by a distance of approximately 300 nm. This
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Fig. 3.17 Distributions of the modulus (a) and phase (b) of the azimuthal component of the electric
field E, in the longitudinal plane yz. Panels (¢) and (d) show magnified views near 2D optical
vortices. The arrows indicate the direction of energy flow in the vicinity of two 2D optical vortices
with a topological charge of n = +1. Panel (c) shows vortex with centers located on the vertical axis
at points with zero intensity; panel (d) shows vortices located at a distance from 0.5 pm to 1 pm
behind the focus (d)

occurs because in the gap between the two 2D vortices, the energy flow is directed in
the opposite direction, blocking the direct light path between the intensity zeros.

3.4.3 Optical Vortices at the Focus of a Non-paraxial Field
with Azimuthal Polarization

A similar pattern of 2D optical vortices occur near the focus of a nonparaxial beam
with azimuthal polarization. Such a beam, at any distance from the optical axis, has
only one component of the light field. Its amplitude is:

E,(r,z) =2ni /A(c_‘;‘) exp (ik(z —zo)\/1— 52)J1 (kré)édé. (3.83)
0
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Fig. 3.18 Distribution of intensity (a) and phase (b) in the xz plane for a light field with azimuthal
polarization (3.88) and (3.89)

If in Eq. (3.88) we choose the amplitude of the plane wave spectrum in the form
A (&) = £ circl(§), where circl(é) = 1,0 < € < 1; 0, £ > 1, then the integral (3.88)
can be calculated in the focal plane (z = z):

1

E,(r,z=2z0) =2mi / EJ (kré)EdE = 2m%. (3.89)

0

It has a ring of zero intensity at radius r = 0.824. A longitudinal cross-section
through this ring, for example, in the xz plane, reveals two intensity nulls on the
horizontal x-axis. 2D optical vortices form around these nulls. Figure 3.18 shows the
intensity (a) and phase (b) distribution of the section of beam (3.88) with amplitude
(3.89) by the xz plane. Figure 3.18b shows that on the horizontal axis at x > O there
are vortices with a topological charge of —1, and at x < 0—with a topological charge
of +1. Figure 3.19a shows the circulation of the energy flow around one of the
intensity zeros in the focal plane of the beam (3.88). It is also evident from Fig. 3.19b
that near the optical axis, at a distance of approximately 34 from the plane of focus,
two optical vortices are formed, in which the topological charges relative to the
optical axis have opposite signs: atx > 0—charge +1, and at x < O—charge —1. This
leads to the fact that at a distance of 34 from the focus, near the optical axis, in a
circle of radius approximately 0.2 A, a reverse flow is formed, similar to Fig. 3.19b.

This section demonstrates that a non-paraxial light field with a circular plane-
wave spectrum has isolated intensity zeros in the longitudinal plane [52, 53]. At
these points longitudinal 2D optical vortices are formed (Fig. 3.14). The optical
vortices located to the right of the optical axis, exhibit a topological charge of —1,
while vortices located to the left exhibit a topological charge of +1. The phase
distribution around these optical vortices shows that to the right of optical vortex
with a charge of —1, the phase increases in the opposite direction (Fig. 3.15). This
indicates that the light propagates in the opposite direction in this region. Similarly,
using the Richards-Wolf formalism, it is shown that at the tight focus of azimuthal-
polarized light, a ring of zero intensity with the center on the optical axis is formed
(Fig. 3.16). In the longitudinal section of this ring, isolated intensity zeros are
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Fig. 3.19 Intensity distribution (identical to that in Fig. 3.18a) with arrows indicating the direction
of wave vectors in the longitudinal plane xz. Panel (a) shows the region near two optical vortices at
the focal plane (z = 24), panel (b) shows the region near the optical axis at a distance z = 3.1
behind the focal plane (b)

formed, around which 2D optical vortices appear (Fig. 3.17). An energy flow
circulates around these longitudinal optical vortices (Fig. 3.17a). It is also shown
that behind the focal plane and near the optical axis, two additional 2D optical
vortices appear. The vortex to the right of the optical axis has a topological charge of
+1, while the vortex to the left has a topological charge of —1. Consequently, the
energy flow circulation around these adjacent vortices is such that forward-
propagating light is blocked between them (Fig. 3.17c). Similar 2D optical vortices
are formed when analyzing the focusing of azimuthal-polarized light via its decom-
position into a plane-wave spectrum (Figs. 3.18 and 3.19).
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Chapter 4 )
Local Wavevector Near the Region S
with Reverse Energy Flow

4.1 Local Wavevector of a Tightly Focused Optical Vortex
with Linear Polarization

Light beams with non-uniform phase distribution—optical vortices—have attracted
increasing interest from optics in recent decades. Optical vortices are characterized
by a spiral wavefront. This shape leads to the fact that in the beam cross-section there
are points with the phase uncertainty, i.e. phase singularity points. M. Berry in the
work [1] introduces the concept of a local wavevector as a phase gradient for
studying non-uniform scalar light fields, demonstrating that in the phase singularity
points of optical vortices the absolute value of the local wavevector tends to infinity.
Later, N.I. Zheludev [2] shows that this large local wavevector is often observed in
focal spots obtained using the superoscillation effect [3—6]. Due to superoscillations
it is possible to obtain compact focal spots with dimensions much smaller than the
diffraction limit, but in this case, most of the light energy does not go into the focal
spot itself but in the side lobes [7]. The superoscillation effect has recently attracted
the attention of researchers. In particular there are created lenses that use this effect
[8, 9] as well as microscopes based on such lenses [10, 11], although it should be
noted that the sizes of the experimental spots are currently larger than the theory
predicts. Another effect associated with the study of the behavior of the local
wavevector is the reverse energy flow. In the paper [2] it was shown that zones of
reverse energy flows are connected with regions with large values of the local
wavevector. Usually these large values of wavevectors are obtained in plasmonics,
due to this reason the aforementioned effect is called “plasmonics in free space”
[12]. Previously, we investigated tight focusing of optical vortices and found the
conditions for the formation of energy backflow on the axis under tight focusing
condition [13—16]; however, the behavior of local wavevector was not investigated.
Moreover, the behavior of singularity points in the case of focusing light into an
extremely small region is of interest. For example, it was previously shown that there
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118 4 Local Wavevector Near the Region with Reverse Energy Flow

is an analog of the diffraction limit for the minimum distance between two points of
phase singularity [17].

In this section, we investigated tight focusing of linearly polarized optical vortex.
It was demonstrated that in contrast to focusing of scalar optical vortex, there are
several centers of optical vortices under tight focusing conditions. As a consequence,
several regions with a giant local wavevector can arise. If the topological charge of
optical vortex is equal to two, then energy backflow region arises on the optical axis.
This region is bounded by two optical vortices with unit topological charges shifted
from the optical axis. If the topological charge exceeds two, then three optical
vortices are formed in the focal plane, two of which have a unit topological charge
and are shifted from the optical axis. It was analytically shown that with increasing
of topological charge the centers of shifted optical vortices move away from the
optical axis. Moreover, it was demonstrated that the centers of optical vortices limit
the area of reverse energy flow, and the increasing of the distance between the
vortices is connected with broadening of reverse energy flow zone.

4.1.1 Theoretical Background

The reverse energy flow has been previously recorded for various beams: cylindrical
vector beams [13], optical vortices with circular [14] and linear [15] polarization,
Poincaré beams [16], etc. In this paper, we investigated the simplest situation—
optical vortices with linear polarization:

E:eimﬂ<(1)>, (4.1)

where n is the topological charge of the optical vortex. Previously it was shown that
the linearly polarized optical vortices under tight focusing conditions demonstrate
behavior different from the scalar approximation [18—20]. The behavior of light in
the tight focal spot can be described using Richards-Wolf formula [21]:

a 2rx

V= -4 [ [ Bo.0roro.e) “2)
0 0

x exp{ik[p sin@cos(p — ) + zcos 0]} sin0ddde,

where U (p,y,z) is the electric or magnetic field at the focus, B (8, @) is the electric or
magnetic incident field, 0 is the polar angle, ¢ is the azimuthal angle, T (0) is
apodization function, f is a focal length, k = 2xn/A is a wavenumber, A is a
wavelength, o is a maximum polar angle determined by the numerical aperture of
the lens (NA = nsin a, where n = 1 is refractive index of medium), P (6, @) is the
polarization vector, for the electric field (4.1) it is equal to [22]:
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1 + cos’p(cos O — 1)
P(0,9)= | singcosp(cosd—1) (4.3)

— sinfcos @

Using Richards-Wolf integral (4.2) in the Ref. [15] there were obtained electric and
magnetic field components in tight focus of an optical vortex with topological charge
n and circular polarization. Adapted to linear polarization the equations from [15]
have the form:

infl

E,= TEW (2Lop + €Ly i + € 21, ),

n

U ing(,—i2 i2 4.4
Ey=75e Y(e 0 — €1 n12), (4.4)

n _ing (g —ip

E.= —i"¢"" ("] 11 —e 1 ,1),

e N

11 () —1

H,= Te (/)(e ¢12,n+2 —e€ lpIZ,n —2)’

.

l ing 2¢ —i2¢ 4.5
Hy=—-e " (2Uop — € Iypin —e Ly ), (4.3)

__ .+l ing ( ip —ip
Hz—l e /(elllyn+l +e qll,nfl)-

Where 1y, I, ,, I, are integrals depending on the radial coordinate only:

Toy = (”{) / sin0(1 + cos O)T(O)A(6)e™ "1, (x)do,
0

I, = (%C) / sin’0T (0)A(0)e™ %97, (x)d, (4.6)
0

L, = (”{) / sin@(1 — cos 0)T(0)A(0)e™%],(x)do,
0

where J,, , (x) is the Bessel function of the first kind, x = kr sin 0, (x, y, z) and (7, ¢, 2)
are Cartesian and polar coordinates. Any radially symmetric function, for example,
Bessel-Gauss function [23] can be used as the amplitude of the input function A(6):

_ sin @ 2 ( sin@ :
AO)=J,|2p8 sna ) &P —p <na) I’ (4.7)

where f is the ratio of the radius of the aplanatic lens to the radius of the
Gaussian beam.
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Also in the paper [15] it was shown that the energy flow in the focal plane is
equal to:

PZ = (Ig,n - I%,n+2 - I%,n 72) (48)

| —

and under tight focusing conditions, when the influence of the last two terms is large,
it can take negative values (i.e. the effect of energy backflow is occurred). It was
noted previously [2] that these areas of reverse energy flows are accompanied by
areas with a large values of the local wavevector:

k=Vo, (4.9)
where @ is the phase of the scalar light field. Consequently, the region of the reverse
energy flow (4.8) should also be accompanied by zones with large values of the local
wavevector. It should be noted that in the Ref. [2] local wavevectors for vector fields
were not investigated.

In the scalar approximation, regions with a large local wavevector (gradient of

phase) correspond to the centers of optical vortices. Let us assume that the scalar
optical vector has the form:

E=r"¢®=(x +1iy)", (4.10)

where n is a topological charge of the vortex. The phase of the optical vortex has
the form:

d=argE=n arctan(i)). (4.11)
It could be shown that the absolute value of the phase gradient is equal to:
V| = g (4.12)

i.e. it has a singularity point at » = 0, coinciding with the center of the vortex.

4.1.2 Numerical Simulation

In our research we investigated focusing of a beam (4.1) with a wavelength
A = 633 nm aplanatic objective (7(0) = cosme) with a numerical aperture
NA = 0.95. The wavefront of the focused light in the simulation is uniform
A(0) = 1. We investigated the behavior of phase and local wavevector (4.9) under
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Fig. 4.1 Intensity in the transverse (focal) (a) and longitudinal plane (b) in a tightly focused
linearly polarized beam (n = 0)
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Fig. 4.2 Phase of E, component of the focused linearly polarized light in the transverse (focal) (a)
and longitudinal plane (b) (n = 0)

tight focusing of the optical vortex (4.1), when the vector effects (4.2) in the focal
spot should be taken into account.

First we simulate the focusing of linearly polarized light without an optical vortex
(i.e., the topological charge n in Eq. (4.1) was equal to zero). The results of
calculation are shown in Figs. 4.1 and 4.2. Figure 4.1 shows the intensity distribution
I=1L+1,+1 = IE 1> + IE,CyI2 + IEXZI2 in the focal plane (Fig. 4.1a) and in the
longitudinal plane yz (Fig. 4.1b). In this case, the intensity distribution has the shape
of a peak (Fig. 4.1). The main contribution to the formation of the focal spot in this
case is made by the component E,, therefore the behavior of this component is
investigated below. Figure 4.2 shows the distribution of the phase arg(E,). As can be
seen from Fig. 4.2, there are no singularity points.

Next we investigated focusing of an optical vortex with a topological charge
equal to unity. From (4.8) it follows that in this case the longitudinal energy flow on
the axis is positive. Similar to Figs. 4.1 and 4.2 in Figs. 4.3 and 4.4 there are shown
intensity and phase distribution of E, component, consequently.
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Fig. 4.3 Intensity in the transverse (focal) (a) and longitudinal plane (b) for an optical vortex with a
topological charge of n = 1
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Fig. 4.4 Phase of E, component of the focused optical vortex with a topological charge of n = 1 in
the transverse (focal) (a) and longitudinal plane (b)
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Fig. 4.5 Distribution of intensity in the transverse (focal) (a) and longitudinal (parallel to the
direction of beam propagation) (b) planes for an optical vortex with a topological charge of n =2

From Figs. 4.3 and 4.4 it follows that an optical vortex with a center on the optical
axis is formed. Figures 4.5, 4.6, 4.7 and 4.8 show the results of focusing of a vortex
with a topological charge equal to two (n = 2). It was shown previously that for this
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Fig. 4.6 Distribution of the 1.2
longitudinal component of
the Poynting vector P, in the 1.0
plane parallel to the
direction of propagation for 0.8
an optical vortex with a —
topological charge of n = 2 g 0.6
= 04
0.2
0
-0.5 0 0.5
z (um)
T K
2 /2
Bl B
= 0 e 0
B B
-n/2 -n/2
gy a
-0.5 0 0.5 -0.5 0 0.5

x (um) z (um)

Fig. 4.7 Distribution of the phase of the x-component of the arg(E,) field in a focused optical
vortex with a topological charge of n = 2 in the transverse (focal) (a) and longitudinal (b) planes
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case the region of reverse energy flow is observed on the optical axis. Figure 4.5
shows the intensity distribution, and Fig. 4.6 shows the longitudinal component of
the Poynting vector P, = (Re[E x H']), in the plane parallel to the beam propagation
axis. In accordance with (4.8), for a vortex with a topological charge equal to two,
regions with negative values of the longitudinal component of the Poynting vector
are observed on the optical axis (Fig. 4.6). Figure 4.7 shows the phase distribution of
the electric field component E,. It should be noted that in scalar approximation
optical vortex (4.1) with an arbitrary topological charge n conserves its structure
(helical phase arg(exp(ing))—in the focal plane as well as in every transverse plane
it has only one singularity point. However, from Fig. 4.7 it follows that under tight
focusing conditions initial optical vortex with topological charge of two produces
two optical vortices with unit topological charges.

From comparison of Figs. 4.6 and 4.7 it follows that the boundary of the region of
reverse energy flow approximately coincides with the centers of optical vortices. To
check this assumption in detail there are shown on Fig. 4.8 the cross-sections
(at z = 0.1 pm) of the energy flow P, (blue curve) and the y-component of the
local wavevector (red curve):

O(argE,)

|ky | _‘ R (4.10)

The large values of the local wavevector on Fig. 4.8 correspond to the centers of the
vortices. The width of the area where the absolute value of the local wavevector in
Fig. 4.8 exceeds wavenumber k = 2n/A is equal to O.1A.

Finally we calculate tight focusing of linearly polarized optical vortices with large
topological charges. Below there are phase distribution of the component E, of
focused optical vortices with topological charge n = 3 (Fig. 4.9a), n = 4 (Fig. 4.9b),
n =5 (Fig. 4.9¢) and n = 6 (Fig. 4.9d). To compare the behavior of the centers of
optical vortices with energy flows we have added two cross-sections of these
distributions in two single plots for optical vortices with two different topological
charges: n = 3 (Fig. 4.10a) and n = 5 (Fig. 4.10c). Moreover, Fig. 4.11 shows phase
of tightly focused vortices with topological charge equals to 10 (Fig. 4.11a) and
15 (Fig. 4.11b).

The width of the area where the absolute value of the local wavevector in
Fig. 4.10 exceeds wavenumber k = 2x/A is equal to 0.1\ for shifted vortices. For
central vortex this width is larger 0.15A for n = 3 (Fig. 4.10a) and 0.21A forn =5
(Fig. 4.10b), i.e. the width increases with increasing topological charge.

In contrast to the scalar approximation, in which only one singularity point (¢”?)
is observed, from Figs. 4.9 and 4.10 it follows that for n > 3, three singularity points
are observed in the focal plane (i.e. E, component is the sum of three individual
vortices). One vortex has the center on the optical axis, the centers of two other
vortices are shifted along the axis perpendicular to the direction of polarization. This
effect could be explained using Eq. (4.4), which shows that £, component is a sum of
three terms, and every term has helical phase. The behavior (Figs. 4.9 and 4.11) also
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Fig. 4.9 Distribution of the phase of the E,-component in a focused optical vortex with topological
charge n: 3 (a), 4 (b), 5 (¢) and 6 (d) in the focal plane

differs from vortex splitting due to astigmatism or propagation through crystals,
when the number of vortices coincides with the topological charge of the incident
vortex [24, 25]. It should be noted that, in fact, single tightly focused optical vortex
generates optical vortex lattice [26-28].

From the phase distribution of the E| field, it also follows that in the center there is
an optical vortex with a topological charge of n—2, and the remaining two optical
vortices with topological charges of 1 are located on the vertical axis and move away
from the center with increasing n. This effect can also be explained using expression
(4.4) for the projection of the E, field:

n—1

E=—- " (2o, + €D yin + e, ). (4.11)

From (4.11) it follows that since the first term is greater than the second term and
third term, the topological charge of the entire superposition of optical vortices
(4.11) is equal to n. In the center an optical vortex is formed, which has the smallest
exponent of the radial variable. For small values of kr << 1 from (4.6) it follows that
(4.11) can be approximately written:
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E, ~2a(kr)"e™ +

, : 4.12
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where a, b, c are constants proportional to the integrals (4.6), after the powers of kr

have been taken out of them. When obtaining (4.12), the expression for the Bessel
function with small arguments was used:

Tu(x< <1) = (x/2)"(n)) . (4.13)

From (4.12) it follows that in the center there will be an optical vortex with a
topological charge of n—2. The two remaining optical vortices will be located on
the vertical Cartesian axis, because two zeros of intensity are formed where the sum
of the first and third terms in (12) is equal to zero:

|2a(kr)"e””p + c(kr)”fze’(" 72)(”}2 =

(4.14)
4d® (kr)™ + ¢ (kr)*" 2y 4ac(kr)2("7l) cos(2¢).

From (4.14) it follows that the zeros of intensity will be at azimuthal angles ¢ = +m/2

and @ = —mn/2, because at these angles cos(2¢) = —1. The distance between these

two intensity zeros from (4.14), taking into account (4.13), will be approximately

equal to:

2% /nln 1), (4.15)

From (4.15) it follows that as n increases, the two zero points on the y-axis move
away from the center. Moreover, from Fig. 4.10 it also follows that the centers of
optical vortices still limit the area of reverse energy flow, and the increasing of the
distance between the vortices is connected with broadening of reverse energy flow
zone. This broadening of the reverse energy flow with increasing topological charge
was demonstrated in [14].

In this section, we investigated the behavior of the phase and local wave vector of
a tightly focused optical vortex with linear polarization [29]. It is shown that the
regions of phase uncertainty correspond to giant values of the local wave vector.
Unlike a scalar optical vortex, several centers of optical vortices and, as a conse-
quence, several regions with a giant wave vector can arise. If the topological charge
of the focused vortex is equal to one, then the center of the focused vortex is located
on the optical axis. If the topological charge is equal to two, then two optical vortices
with unit topological charges shifted from the optical axis are observed in the focal
plane. If the topological charge exceeds two, then three optical vortices are formed in
the focal plane, two of which have a unit topological charge and are shifted from the
optical axis. It was analytically shown that with increasing of topological charge the
centers of shifted optical vortices move away from the optical axis. The centers of
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optical vortices limit the area of reverse energy flow, and the increasing of the
distance between the vortices is connected with broadening of reverse energy
flow zone.

4.2 Phase Singularities in Tightly Focused Optical Vortices
Near Reverse Energy Flows

Research into optical vortices continues to expand, which is confirmed by the growth
of publications in this area, including roadmaps [30—32]. The reason for the interest
is in the numerous applications of these beams, for example, in microscopy [33],
optical micromanipulation [34], metrology [35], optical communications in free
space [36, 37] and waveguides [38, 39], etc. However, significant gaps persist in
understanding their behavior. Studies of effects like spin-orbit conversion [40, 41]
and interactions with matter or microparticles [42] remain active. Another
unexplored area is the connection between optical vortices and reverse energy
flows, i.e. regions where the Poynting vector is opposed to the beam propagation
direction. While work in [2, 12, 43] demonstrated that reverse flow regions coincide
with areas of giant wavevector [1, 44, 45] (which correspond to vortex center), these
studies did not establish whether this spatial correlation constitutes a general
principle.

It is important to note that the Poynting vector is the sum of two components
[46]. One of them is the canonical energy flow, which is responsible for the transfer
of energy in space, i.e., it corresponds to the classical definition of energy flow
[47]. The second component is the spin energy flow, which is responsible for local
energy circulations. This value does not transfer energy, but can interact with matter
[48]. The canonical energy flow is always positive. The total energy flow is negative
only if the spin component is negative [49]. Thus, in the reverse flow zone, the
energy still propagates in the direction of beam propagation; however, the term
“reverse flow” of energy has already become established in the literature
[50, 51]. Our previous investigations [14, 52] into tightly focused phase and
polarization vortices shows that reverse energy flow magnitude increases substan-
tially for specific topological charges.

In this section we investigated tight focusing of optical vortices which demon-
strates reverse energy flow regions in the focal plane. We analyzed both phase
vortices and cylindrical vector beams (polarization vortices). For phase vortices,
reverse energy flow regions are located between phase singularity centers (screw
dislocations). Increasing the topological charge radially expands the reverse flow
domain while simultaneously displacing vortex centers further from the optical axis.
In contrast, focused cylindrical vector beams exhibit reverse flow regions without
accompanying vortex dislocations (only edge dislocations are appeared in this case).
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4.2.1 Focusing of Circularly Polarized Optical Phase Vortices

In this section, the numerical simulation was carried out using the Richards-Wolf
formalism, which allows calculating the components of all projections of the electric
and magnetic field at the focus of the lens [13]:

a 2x

V= -4 [ [ s0.0mero.e s
0 0
exp{ik|p sin @ cos(¢ — ) + zcos 0]} sin dO de,

where U(p,y,z) is the electric or magnetic field at the focus, B(0,¢) is the amplitude
of the electric or magnetic field in the entrance pupil of a lens with high numerical
aperture (0 is the polar angle, @ is the azimuthal angle), 7(0) is the lens apodization
function, f is the focal length, k = 2x/A is the wavenumber, A is the wavelength
(in the simulation it was assumed to be equal to 532 nm), a is the maximum polar
angle determined by the numerical aperture of the lens (NA = sin «), P(0,0) is the
polarization vector for the electric field, which has the form:

1+ cos?p(cos®—1)
P(9,¢p)= | sinpcosgp(cosd—1) |a(f,p)+
— sinfcos ¢
singcosg(cosf —1)
1+ sin%p(cos&—1) | b(6,¢),
— sinfsin g

(4.17)

where a(0,¢) and b(0,¢p) are functions describing the state of polarization of the x-
and y-components of the initial beams. The circular polarization investigated in this
section is equal to:

a(o, img (]
E:( ( q’)):e—( ) (4.18)
b(0, @) V2 \oi
where o specifies the direction of the input polarization: at ¢ = 1 the polarization will
be right circular, at 6 = —1 it is left circular, and at ¢ = O it is linear. In the Ref. [21] it

was shown that by substituting (4.18) into (4.16) it is possible to integrate over the
azimuthal angle and obtain the values of the electric and magnetic field at the focus:
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where y. = (1 + 0)/2 for circular polarization and y, =y_=1/ V2 for linear

polarization (i.e., when ¢ = 0). In (4.19) and (4.20) the following integrals are used:

a
Io, = <%c) / sin @ cos'/20(1 + cos B)A(0)e™0,(x)d6,

a

11’,/:<7;i) / sin’6 cos'/20A(0)e™ %, (x)db), (4.21)

a

L,= (%c) / sin 6 cos'/20(1 — cos 0)A(0)e™* 0], (x)d0,

where x = kr sin 6, (x, y, z) and (r, ¢, z) are Cartesian and polar coordinates. In (4.21)
the integrals depend only on the radial variable. From (4.19) it follows that individ-
ual transverse components of the electric field E, and E, are the sum of three optical
vortices with topological charges m, m + 2 and m — 2. From (4.19) and (4.20) it
could be obtained equation for the longitudinal component of the Poynting vector
(energy flow) [52]:

S=1c/(8x)] Re [ExH"], (4.22)
where c is the speed of light in vacuum, Re() is the real part of the number, E x H is

the vector product, * is the complex conjugation (we omit the constant ¢/(8x) below).
We obtain in the focal plane:
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h

Fig. 4.12 Phase of the transverse components of the electric field E, and E, and intensity in the
longitudinal and transverse planes when focusing an optical vortex with right-handed circular
polarization and topological charge equals to minus three (the directions of rotation of the polar-
ization and vortex phase are different)

1+o°
Sz( ) >I(%, I%erZ 7 12m ) (4.23)

Our previous paper [14] demonstrated that in tight focusing of circularly polarized
optical vortices, regions with a Poynting vector opposing the beam propagation
direction emerge only when the handedness of the circular polarization contrasts
with the vortex phase rotation direction. Conversely, no reverse energy flow is
observed at the focus when these rotation directions coincide. We now investigate
the behavior of the phase and local wave vector under tight focusing of circularly
polarized optical vortices. Using Eq. (4.16) we simulate the focusing of an optical
vortex (4.18) with A = 633 nm by an aplanatic lens (NA = 0.95). Figure 4.12
presents the intensity and phase distributions for an optical vortex with opposing
rotation directions: topological charge m = —3 and right-handed circular polariza-
tion (RCP). Figure 4.13 shows the corresponding distributions for the same rotation
directions: RCP with m = +3.

It is evident from Figs. 4.12 and 4.13 that in the first case, three centers of optical
vortices are observed for the transverse components of the electric field. In
the second case, one center of the optical vortex is observed on the optical axis. In
the first case, regions of reverse energy flow are observed at the focus, but not in the
second case. The question arises: why, in the case when the orbital and spin
moments of the initial field are subtracted, as m + ¢ = 3—1 = 2 in Fig. 4.12, does
the optical vortex at the focus disintegrate? And in the case when the orbital and spin
moments of the initial field are added, as m + ¢ = 3 + 1 = 4 in Fig. 4.13, does the
optical vortex at the focus remain? Let us write down the transverse projections of
the electric field for m = 3 and 6 = —1 based on 3:
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Fig. 4.13 Phase of the transverse components of the electric field and intensity in the longitudinal
and transverse planes when focusing an optical vortex with right-handed circular polarization and
topological charge equals to three (the directions of rotation of the polarization and vortex phase
coincide)
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and transverse projections of the electric field form = 3 and 6 = 1:
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From (4.24) it is evident that in the plane of focus near the optical axis the optical
vortex with topological charge 1 will dominate, since the first-order Bessel function
in the integral 7, ; of the first order and at kr << 1 takes on larger values than the
third-order Bessel function in the integral I, 5. That is, the initial optical vortex with
left circular polarization (m + ¢ = 3—1 = 2) in the focus near the optical axis formed a
first-order optical vortex with right circular polarization (m + ¢ = 1 + 1 = 2). In this
case, the angular momentum of the beam is preserved. And the other two zeros of the
intensity of the transverse coordinate /, (after the decay of the optical vortex of order
m = 3 in the focus) are located on the vertical axis, since the expression for the
intensity has the form:

L= 5 (I35 + 13, + 210312 cos 2). (4.26)

| —

From (4.26) it is evident that there will be two zeros of intensity at ¢ = m/2 and
¢ = —mn/2. From (4.25) it is evident that the optical vortex with topological charge
m = 3 will dominate in the focal plane, since the third-order Bessel function in the
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Fig. 4.14 Section of the longitudinal component of the Poynting vector (a), shift of the centers of
optical vortices (b) (crosses indicate the centers of optical vortices, circles indicate the region of
reverse energy flow) and distribution of the phases of the electric field (c) for different topological
charges of the optical vortex

integral [ 3 near the optical axis has larger values than the fifth-order Bessel function
in the integral I, 5. That is, the initial optical vortex with angular momentum
(m + 06 =3 + 1 =4) in the focus near the optical axis will be preserved.

Figure 4.14 shows the cross-sections of the longitudinal component of the
Poynting vector (Fig. 4.14a) for different topological charges of the vortices, as
well as the dependence of the displacement of the vortex centers (Fig. 4.14b) on the
topological charge (the centers of the optical vortices are shown by crosses, the
beginning of the region of the reverse energy flow is shown by circles). The centers
of the vortices (or vortex dislocations) in Figs. 4.12 and 4.13 correspond to the
region with a giant local wave vector [2, 29, 44].

It is evident from Fig. 4.14 that the regions of reverse flows are located between
the centers of optical vortices. When the topological charge is unity, no reverse flow
is observed. When the initial focused vortex has a topological charge equal to two, a
splitting of the initial vortex into two vortices with unit topological charges is
observed at the focus, between which the region of reverse energy flow is located
(it is located on the axis). If the topological charge exceeds two, then three vortices
are observed; the region of reverse energy flow is also located between them, and
now has the form of a tube. With a further increase in the topological charge of the
vortex, the region of reverse energy flow widens, while the centers of the optical
vortices shift further from the optical axis.
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It should also be noted that vortex decomposition leads to a decrease in the orbital
angular momentum, because the orbital angular momentum of a single vortex with a
topological charge n is always larger than the orbital angular momentum of the sum
of vortices with topological charges less than n. Thus, different handedness of
polarization and phase rotation lead to the decomposition of the initial vortex
(Figs. 4.12 and 4.14) and, as a consequence, to a spin-orbit interaction in which
the orbital angular momentum is less than for coinciding polarization and phase
directions. This fact has previously been repeatedly obtained by various research
groups, including experimental investigations. For example, in [41, 42], scanning
near-field optical microscopy was used to show that focal spots formed by optical
vortices with single topological charges and different polarizations have different
sizes. In [53], the motion of a particle in the focus of an optical vortex with a single
topological charge was experimentally studied; it was shown that in the case of right-
hand circular polarization, the particle rotated at a higher speed than when using light
with left-hand circular polarization.

4.2.2 Focusing of Polarization Optical Vortices (Cylindrical
Vector Beams)

It was shown above that, depending on the direction of rotation of the circular
polarization, the reverse energy flow at the focus will either be observed or absent.
Linear polarization corresponds to an intermediate state—the reverse energy flow at
the focus is observed, but not so great [21]. Previously, the behavior of the phase in
tightly focused optical vortices with linear polarization was already investigated by
us in [15]. Unlike circular polarization, in which two transverse components con-
tribute to the formation of the focal spot, in a linearly polarized optical vortex only
one transverse component makes a significant contribution (the influence of longi-
tudinal components is not considered in this work). Just as when focusing an optical
vortex with a circular polarization direction opposite to the direction of rotation of
the vortex phase, in a linearly polarized optical vortex, a splitting of one vortex into
three is observed.

Cylindrical vector beams are a superposition of two circularly polarized phase
optical vortices. The polarization in the beam cross-section is linear, but the polar-
ization direction changes depending on the azimuthal angle. In [50], we have
demostrated that a polarization optical vortex also has a zone with a reverse energy
flow at the focus, but unlike a classical phase vortex, the flow at the focus is not
rotated in the transverse plane. The cylindrical vector beam is described by equation:

(i) () 4 ) () e
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Fig. 4.15 Distribution of phase E, (a, b, c, d) and E, (e, f, g, h) at the focus during focusing of
cylindrical vector beams with orders m = 1 (a, e), 2 (b, f), 3 (c, g), 4 (d, h)

where m is the beam order. Figure 4.15 shows the phase distribution at the focus
when focusing cylindrical vector beams of different orders m = 1, 2, 3, and 4. As for
the simulations above, it was assumed that light with a wavelength of 633 nm is
focused by an aplanatic objective with a numerical aperture of NA = 0.95.

It is evident from Fig. 4.15 that in this case there are no vortex dislocations—only
edge dislocations. As a consequence, gigantic values of local wave vectors will not
be observed. It follows from Fig. 4.15 that the regions of reverse flows do not
necessarily have to be accompanied by phase optical vortices. In this case, the
displacement of the reverse flow region is accompanied by the displacement of
edge dislocations.

Finally, we investigated the behavior of anti-CVB in the focal plane. Anti-CVB
are CVB of negative orders, i.e. for m — —m:

a(0, ) cos mg I o1 | |
E:<b59,(p))<—sinm(p)§e w(i)JrEe ¢<—i>’ (4.28)
From (4.28) it follows that the direction of rotation of polarization and phase in each
of the vortices are the same. Therefore, it can be expected that no vortex splitting will
be observed. Figure 4.16 shows the phase distributions for the beam (4.28) of
different orders.

There is no vortex splitting observed in Fig. 4.16, as well as there is no reverse
energy flow in this case. From the first expression in Eq. (4.19) it follows that at the
focus the transverse projection of the electric vector can be expressed as a superpo-
sition of two optical vortices with topological charges m > 0 and m — 2 for light with
left circular polarization:



136 4 Local Wavevector Near the Region with Reverse Energy Flow

Fig. 4.16 Distribution of phase E, (a, b, ¢, d) and E| (e, f, g, h) at the focus during focusing of anti-
CVB with orders m = 1 (a, e), 2 (b, ), 3 (¢, g), 4 (d, h)

m—1
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At a given radius r, both functions in Eq. (4.21) are constant, and the topological
charge of the entire superposition equals to the topological charge of the optical
vortex with the larger coefficient [54]. Near the optical axis, the magnitude of the
function I ,,_, exceeds the magnitude of the function I, ,,, since the Bessel functions
in the integrals in Eq. (4.21) grow at small r as #"~ % and . Therefore, at the center
of the focal plane there is an optical vortex with topological charge of m — 2. At
larger radii r, on the contrary, the magnitude of I, ,, is larger than the magnitude of I,
m—2, and the topological charge of the entire superposition (4.29) is equal to m. This
is possible if at some radius r there are two optical vortices with topological charges
of 1. These two vortices are formed at a distance r, at which |y ,,(r)l = Iy, —2(r).
Moreover, this radius , at which these two optical vortices appear, increases with the
topological charge m, as illustrated in Fig. 4.15. For an optical vortex with right-hand
circular polarization, the expression derived from Eq. (4.19) differs from Eq. (4.29):

m—1

Edrg) =" (¢ lan(r) + P Eya(r). (4:30)

From Eq. (4.30), it follows that this projection of the electric field vector is a
superposition of two optical vortices with topological charges m and m + 2. Similarly
to the previous case, it can be stated that near the optical axis, the topological charge
of the entire superposition is equal to m, since at small r, the m-th order Bessel
function grows faster than the (m + 2)-th order Bessel function in Eq. (4.21).
Consequently, splitting of the initial optical vortex with topological charge m at
the focus does not occur. At large r, the magnitude of I, ,, exceeds the magnitude of
b, + 2, and the topological charge of the entire superposition in Eq. (4.30) remains.
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In this section we investigated tight focusing of optical vortices, for which areas
with the Poynting vector directed in the direction opposite to the beam propagation
direction are observed in the focal plane, i.e. areas of reverse energy flow [55]. Focus-
ing of phase optical vortices, as well as polarization optical vortices (cylindrical
vector beams) was theoretically and numerically investigated using Richards-Wolf
formalism. It is shown that when focusing optical vortices in which the direction of
rotation of polarization and phase are different, splitting of the initial focused vortex
into several optical vortices and the appearance of a zone with a reverse energy flow
are observed. Moreover, the regions with a reverse energy flow are located between
the centers of displaced phase singularities (vortex dislocations). With an increase in
the topological charge of the vortex, the region of the reverse flow along the radial
coordinate widens, and with it the distance from the centers of the vortices to
the optical axis increases. If the directions of rotation of the phase and polarization
in the optical vortex coincide, then neither splitting of the vortex nor a reverse flow at
the focus is observed. When focusing cylindrical vector beams, the area of reverse
flow is observed, but vortex dislocations are absent. In this case, the displacement of
the reverse flow region is accompanied by the displacement of edge dislocations.

4.3 Canonical Energy Flow of the Electric Hertzian Dipole

Distribution of the electric field of a point or linear electric dipole in the far field is
well-known for a long time [56, 57]. The dipole, as a model of a point emitter, is
widely employed in nowadays works [58—64] for designing nanostructures, like
emitters [65], switches [66] and detectors [67]. However, in all these works, the
dipole irradiance is considered only in the far-field. This is because the Umov-
Poynting vector of a point dipole in the spherical coordinates has only radial
component both in the near and in the far field. Therefore, there was no need in
additional studies of the near field of the electric dipole. It is however known that the
Umov-Poynting vector is represented as a sum of the orbital and spin constituents
[1, 47, 68, 69]. These works justify that the true energy flow should be related with
the vector of the canonical (or orbital) energy flow, rather than with the Umov-
Poynting vector. In a recent paper [70], H.-I. Lee was probably the first who
investigated the orbital energy flow and the spin flow in the near field of an electric
dipole. In [70], explicit analytical expressions were obtained for the components of
the spin flow vector of a linear dipole. It was also shown in [70] that in the near field
of a dipole, backward canonical energy flow arises. However, [70] does not contain
analytical expressions for the components of the canonical energy flow vector in the
near field of a linear dipole.

In this section, we derive explicit analytical expressions for the radial and
meridional component of the canonical energy flow vector in the near field of a
linear electric dipole. We demonstrate theoretically that at a subwavelength distance
from the dipole, backward canonical energy flow arises. We also define the shape of
a curve that bounds the backflow area. In any point on this curve, the energy flow is
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zero. In one half of this backflow area, energy circulates clockwise, while in the other
half—counterclockwise. In addition, we obtain in this work explicit expressions for
the azimuthal components of the spin angular momentum and orbital angular
momentum vectors of the dipole.

4.3.1 Canonical Energy Flow in the Near Field of a Dipole

We consider here an electric dipole with the dipole moment /I, where I is the dipole
current and / is the dipole length. The dipole is oriented along the axis z and the
angular frequency of the dipole oscillations is . Then, in the spherical coordinates
(7, 6, @), the dipole radiation has well-known complex amplitudes [57]:

_ 3, —ikr H
E.(r,0)= illk’e ™" cos 0 1 R ’
2rweeg (kr)3 (kr)2

_ —ille™®sing [ 1 i 1 (4.31)
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In Eq. (4.31), € and ¢, are respectively the dielectric permittivity of medium and
vacuum permittivity, k is the wavenumber, k = (@/c)/eu, c is the speed of light in
vacuum, u is the magnetic permeability of medium. Figure 4.17 illustrates the dipole
location and orientation in the Cartesian coordinates, as well as the spherical
coordinates and directions of the electromagnetic field components. The Umov-
Poynting vector S = (1/2) Re (E x H") for the dipole (1) is well-known [57] and has
only the radial nonzero coordinate:

21215 i2
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As seen from Eq. (4.32), maximal energy flow is directed perpendicularly to the

dipole (i.e. at @ = n/2), equally for all polar angles ¢.

Below we consider distribution of the canonical energy flow of the dipole (4.31)
and demonstrate that, in the near field, backward energy flow arises. Up to insignif-
icant constants, the Umov-Poynting vector S is the sum of two vectors [1, 68-70]:
orbital energy flow vector (canonical energy flow) S, and spin flow Sg,:
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Fig. 4.17 Dipole
configuration under study:
the electric dipole with the
dipole current / and with the
dipole length [ is located in
the origin and oriented along
the vertical axis z. In
addition to the Cartesian
coordinates (x, y, z),
spherical coordinates (r, 6,
@) are shown

S=S, + Sxp = %Im(E*(V)E) -+ 21—]{ (v Xg),

S=Im(E* xE).

(4.33)

In Eq. (4.33), S stands for the spin angular momentum vector (up to a constant
multiplier). In the spherical coordinates, the canonical energy flow vector S,,, for the
dipole (4.31) has only two nonzero components, radial and meridional:
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Substituting the components of the strength vector of the electric field from
Eq. (4.31) into expressions (4.34), we obtain that only the radial component of the
canonical energy flow is nonzero:
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(4.35)

In the far field, when kr >> 1, only the last term remains in the expression (4.35):
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In the near field, at kr << 1, on the contrary, the first two terms in Eq. (4.35) are

overwhelming:
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It is seen from Eq. (4.37) that if m < | sin@| < 1 then the canonical energy flow is
negative, i.e. S,,, < 0. At angles 0 < 0 < 55°, the energy flow goes away from the
dipole, while at angles 55° < 0 < 125°, the energy flow returns back to the dipole. At
angles 125° < 0 < 180°, the energy flow also goes away from the dipole. Equation
(4.35) indicates that on the horizontal axis (6 = 90°), at a distance kr = /2 from the
dipole, a critical point exist. Before this pint, the energy flow is negative, but beyond
this point it becomes positive. Making the right part of Eq. (4.35) equal to zero, we
derive an expression for coordinates (r, #) of points with zero radial canonical
energy flow:

\sin9\=#<l, kr <v/2, r<ﬁ. (4.38)
6 — (kr)* '

According to Eq. (4.38), the points of zero radial energy flow can exist only at
krsx/z. For instance, at kr = 1, two such points exist with the coordinates
0 = arcsin(2/v/5) = 63° and 6 = 180°—arcsin(2/v/5) = 117°. The backflow area
in the coordinates (7, 8) is bounded by the curve (4.38). This area of energy backflow
is located within the angles 55° < 0 < 125° and bounded by the maximal radius
r = \/2/k. As seen from the last inequality (4.38), this is a subwavelength area with
the size being a little smaller than the quarter of the wavelength A. We note that the
energy backflow of a linear dipole was found numerically in work [70]. However, no
explicit analytical expressions were obtained in this work for the canonical flow
(4.35) and (4.37). It is also interesting that the radial component of the Umov-
Poynting vector has the same expression (4.32) both in the near and in the far field.
At the same time, in the near field, the radial component of the Umov-Poynting
vector is significantly different from the radial component of the canonical energy
flow (4.35). This is because the linear dipole in the near field has the spin S (3).
Indeed, using Eq. (4.33), we can obtain the spin angular momentum components for
the linear dipole (4.31). In the spherical coordinates, vector S has only a single polar
(or azimuthal) component:
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Sp=Im(ExE")|, =2Im(E,E, ) =

_( 1 >2sin(249)k6 (4.39)
20kr)*

2rweey

Now we find the components of the spin flow vector S, = (2k) - (V X §) for the
dipole (4.31). Using Egs. (4.33) in the spherical coordinates, we get:

S.Yp,r = ! a (sin 931/,)

2krsin 00

2 16
_ () K 4<1—§sin29),
2nwee (kr) 2

1 0, =
Ssp,é‘:_mg(”sw)

_ (1 \*k°sin20
 \2nweeg (kr)*

Equations (4.40) allow drawing two interesting conclusions. First, it is clear why the
Umov-Poynting vector both in the near and in the far field has the same form (4.32)
and does not indicate the presence of energy backflow in the near field. This is
because in the near field of the linear dipole (4.31), distributions of the radial
components of the canonical energy flow vector (4.36) and of the spin flow vector
(4.40) compensate each other:

(4.40)

276 2
1l ) k sma9:Sr. (4.41)

S‘vp,r + Sor,r - (27rw€80 4(k}")2
Second, as seen from the second Eq. (4.40), the spin flow vector in the near field has
anonzero meridional component S, g, which is for some reason absent in the Umov-
Poynting vector (4.32). This contradiction can be resolved the following way. Since
the sum of the orbital energy flow and of the spin flow should be equal to the Umov-
Poynting vector (4.33) and the latter has zero meridional component (4.32), then the
sum of the meridional components of the spin flow and of the orbital energy flow
should be zero:

(4.42)

272 5 o
Sorg = —Sepo = ( I°l )k sin 26

lon*weeo)  (kr)*

although the meridional component of the canonical energy flow (4.42) cannot be
obtained directly from the field components (4.31), since this yields zero (4.35).
Thus, the canonical energy flow in the near field of the linear dipole has both the
radial and the meridional components:
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Fig. 4.18 Distribution of 0.3
the amplitude (colors) and of
the canonical energy flow
vector (4.35) (4.43) (arrows)
in the near field of the linear
dipole (4.31) in the zx-plane
(¢ = n/2). The coordinates
along the axes are given in 0.1 A
wavelength units
(wavelength is A = 532 nm).
Computation area is
0<x<0.3% -0/

3\ <z < 0.3\ The blue
curve is the curve (4.38) of
zero radial energy flow. The — 0.1
same pattern would be for
any other azimuthal angle ¢

¢ _(_prr K[, 3sin’g
r \8ntweeo ) (kr) 2 )

§ PP\ K sin26
orf = \ 162 wee, (kr)*

(4.43)

Since the sine of the double angle in Eq. (4.43) is negative at 6 > 90°, the energy
flow at 55° < 0 < 90° circulates clockwise, while at angles 90° < 0 < 125°—
counterclockwise. However, this energy flow does not circulate around the singular
points, where the flow is zero, as stated in [70]. Rather, it behaves a different way.
Since the points with zero radial energy flow reside on the curve (4.38), lines of the
energy flow outgo from the origin (forward flow from the dipole), then they bend and
reach the points with zero radial energy flow. After this point, energy flow lines go
back to the dipole, tangent to the horizontal straight line. This is seen in Fig. 4.18. It
is interesting that the dipole has nonzero orbital angular momentum density
L =r x P,,. The only nonzero component of the orbital angular momentum of the
dipole in the near field is the azimuthal component:

272 4
171 >k s1n29. (4.44)

Llﬂ = rSorﬂ = <167[20)88() (k}")B

Comparison of Egs. (4.39) and (4.44) reveals that the azimuthal components of the
spin angular momentum and orbital angular momentum vectors have mutually
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opposite directions. When passing from z > 0 to z < 0, both vectors change their
direction to opposite one.

4.3.2 Numerical Simulation

Figure 4.18 illustrates distribution of amplitude (in pseudocolors), while arrows
indicate directions of the canonical energy flow in the near field, computed by the
formulae (4.35) and (4.43) for the linear dipole (4.31) in the zx-plane (¢ = =/2).
Additionally Fig. 4.19 shows by lines and arrows the direction of canonical energy
flow of dipole in near field (4.43). As seen in Figs. 4.18 and 4.19, the energy flow
bends clockwise at z > 0 and counterclockwise at z < 0. On the blue curve (4.38), the
radial component of the energy flow is zero, and inside this curve the backward
energy flow arises. The blue curve in Fig. 4.18 reminds a lasso. Some part of light is
“trapped” into this lasso and returns back to the dipole. Other part of light from the
dipole, “not trapped”, bypasses this lasso and goes away to infinity, and, the farther
from the origin, the energy flow becomes more and more radial (as seen in Fig. 4.20).
The energy flow lines no longer bend and the light no longer carry the orbital angular
momentum. The energy backflow arises in the near field of the dipole for the
following reason. The electric and magnetic strength vectors of a plane wave
oscillate in phase and thus, in any moment of time, the Umov-Poynting vector has
a real value and the energy propagates in space. The magnetic vector of the dipole
(4.31) is retarded from the electric vector by a quarter-period. Thus, the Umov-
Poynting vector is pure imaginary (reactive). This means that during a one quarter of
the period, energy emits from the dipole, while during another quarter of the period,
the energy returns back to the dipole [56, 57]. Therefore, the Umov-Poynting vector
in the near field, averaged over the period, has the backward flow (4.35).

Fig. 4.19 The direction of 3 T T T T T ~=_
canonical energy flow of

dipole (4.31) in near field, //—>\
calculated using Eq. (4.40) Y 1




144 4 Local Wavevector Near the Region with Reverse Energy Flow

Fig. 4.20 The same as 1.00
Fig. 4.18, but for a

larger area: 0 <x <A, —

A < z < A. The blue curve is
the curve (4.38) of zero
radial energy flow. The 0.50
same pattern would be for

any other azimuthal angle ¢
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In this section, we have obtained the following results. It was demonstrated
theoretically for a linear dipole, oriented along the vertical axis z (Fig. 4.17), that
the lines of the canonical energy flow (4.35), outgoing from the origin along the
radial coordinate at an angle exceeding 55°, bend due to the meridional component
of the canonical flow (4.43), intersect the curve (4.38) of zero radial energy flow, and
then return back to the dipole into the origin (backward energy flow). Such a
curvilinear energy motion generates the azimuthal component of the orbital angular
momentum (4.44) and of the spin angular momentum (4.40), having a different
direction. Lines of the radial energy flow, outgoing from the origin by the angles,
smaller than 55° and greater than 125° in the near field, also bend, but, instead of
turning backward, go away to infinity (Fig. 4.20), in consistence with Eqs. (4.32) and
(4.35). It is interesting that analyzing the energy flow by employing the Umov-
Poynting vector (4.32) does not allow discovering that the dipole in the near field has
a backward energy flow (4.35), spin angular momentum (4.39) and orbital angular
momentum (4.44).
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Chapter 5 )
Orbital Angular Momentum at the Sharp e
Focus of Laser Light

5.1 Spin-Orbital Conversion at Sharp Focus

It was Poynting himself who envisaged long ago that a circularly polarized light
wave might be expected to carry spin angular momentum (SAM) [1]. Later on, SAM
was experimentally observed by measuring the rotation angle of a quarter-wave
plate, with the conversion of an incident right-handed circularly polarized wave into
outgoing left-handed circularly polarized light [2]. The study of the free-space
propagation of Laguerre-Gauss (LG) beams has shown that light also carries angular
orbital momentum (OAM) [3]. Light waves that carry only SAM have been known
to be capable of generating beams carrying OAM, leading to the familiar spin-to-
orbit conversion. This effect was dealt with in numerous of publications, with most
significant topic-related works outlined in more detail in this section. A link between
spin and orbit was revealed as early as 2005. It has been experimentally demon-
strated [4] that at the tight focus of a right-handed circularly polarized Laguerre-
Gauss (LG) beam with topological charge TC = 1, a deep on-axis intensity mini-
mum is observed, rather than a theoretically predicted intensity null. Meanwhile, an
analogous left-handed circularly polarized LG beam with TC = 1 was found to
generate just a small on-axis intensity dip in the focal intensity pattern. The conclu-
sion was that given the opposite-sign longitudinal SAM and OAM components, spin
partially compensated for the vortical component of the beam. Relationships for
three E-vector projections at the tight focus have been derived [5] using Richards-
Wolf theory [6], with a right-handed circularly polarized original optical beam
shown to be transformed at the focus into a left-handed circularly polarized optical
vortex with TC = 2. In other words, a beam with spin +1 was shown to form at the
focus an extra optical vortex with spin —1 and TC = +2. It has also been shown [7]
that when focusing a right-handed circularly polarized optical vortex with TC = m,
extra optical vortices are generated: a left-handed circularly polarized vortex with
TC = m + 2 and an on-axis optical vortex with TC = m + 1. It was revealed that
when focusing a linearly polarized optical wave, alongside the above-mentioned
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extra optical vortices, right-handed circularly polarized optical vortices with
T = m — 2 and an on-axis optical vortex with TC = m-1 were also generated. An
experiment on an optical trapping and rotation of 3-um golden microparticles at the
sharp focus of a circularly polarized LG beam with TC = 1 has been described
[8]. The microparticles were found to move along a circular path about 25% faster in
a right-handed circularly polarized beam than in a left-handed circularly polarized
beam. The authors theorized that the effect was linked with spin-to-orbital conver-
sion, however, failing to offer its detailed explanation. Not long after, it was revealed
that when focusing even a conventional circularly polarized Gaussian beam, a
transverse energy flow was formed at the focus [9]. It was also shown that with
increasing numerical aperture, the longitudinal SAM component of the Gaussian
beam was decreasing. Considering that the total angular momentum (SAM plus
OAM) should conserve, the longitudinal OAM component might be expected to
increase. The authors mistakenly presumed the longitudinal SAM to convert into the
longitudinal OAM. However, this is not the case. In this work, we show that the
longitudinal SAM is partially converted into the transverse SAM, and not longitu-
dinal OAM. In Ref. [10], a gold microparticle trapped at the focus of a circularly
polarized Gaussian beam was experimentally shown to move on a circular path
centered at the optical axis clockwise or anticlockwise, depending on whether the
Gaussian beam had left- or right-handed circular polarization. In Ref. [11], it was
experimentally demonstrated that when illuminating a spiral structure synthesized on
a metal substrate by a circularly polarized beam, a surface plasmon-polariton was
generated with the topological charge of either TC = 2 or TC = 0, depending on
whether the illuminating beam was right- or left-handed circularly polarized. In Ref.
[12], it was theoretically shown that when sharply focusing a left-handed circularly
polarized LG beam with TC = 2, a reverse energy flow was generated on the optical
axis. However, the illumination by a right-handed circularly polarized beam did not
result in the generation of the reverse on-axis energy flow. In Ref. [13] a spin optical
Hall effect was experimentally demonstrated by scattering light from a microparticle
placed at the tight focus. If a microparticle whose center was displaced from the focal
spot center by a fraction of wavelength was illuminated by a linearly polarized beam,
the field of the microparticle image was found to be partly left- and partly right-
handed circularly polarized. A theory similar to Richards-Wolf theory has been
developed for a dipole source [14]. It was shown that in a non-paraxial imaging
system, with increasing numerical aperture, the ratio of the longitudinal components
of the SAM vector to the OAM vector was decreasing, meaning that the longitudinal
SAM component decayed while the longitudinal OAM component grew. A general
theory of spin-to-orbital conversion upon focusing / scattering of light and in
imaging systems has been proposed [15]. Relationships for longitudinal SAM and
OAM projections were derived and their sum was shown to conserve. However, the
transverse SAM and OAM projections were beyond the scope of study in [15]. An
analysis of the tight focusing of a cylindrically (or high-order radially) polarized
optical vortex reported in Ref. [16] revealed that regions with the maximum values
of the longitudinal SAM and longitudinal OAM components were spatially sepa-
rated in the focal spot. Such a separation was given the name a spin-orbital optical
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Hall effect. Here, we notice that it is not quite clear why the location of the
longitudinal SAM and OAM should be expected to coincide, as this is known to
be the case when focusing only a right-handed circularly polarized optical vortex.
For a left-handed circularly polarized incident vortex, the longitudinal SAM and
OAM components are already directed oppositely. It has been experimentally
demonstrated [17] that a 1-um polystyrene bead trapped at the tight focus of a
circularly polarized optical vortex with TC = 10 starts moving on a circular path,
with the circle radius being larger for the right-handed circularly polarized incident
beam and smaller for the left-handed circularly polarized beam. This can be due to
the right-handed circularly polarized vortex with TC = m generating an extra optical
vortex with TC = m + 2 at the focus, with the left-handed circularly polarized vortex
creating an extra vortex with TC = m — 2 at the focus. With the vortex radius being
proportional to the square root of its TC, the circle radius for the vortex with
TC = m + 2 appears to be larger than that for the vortex with TC = m — 2. A
review of works concerned with the interaction of spin-orbit angular momentum can
be found in Ref. [18]. Tight focusing of two time-varying optical beams was
analyzed in Ref. [19] and an optical spin Hall effect was observed at the focus,
with the positive and negative longitudinal SAM components found to be spatially
separated. The authors related the spin Hall effect with a geometrical (or Berry)
phase [20]. In the review dealing with spin-orbit interactions of light [20], the SAM
was presumed to partly convert into the OAM. However, this is not the case. In this
work, we show that upon tight focusing of light, the total SAM conserves, only
experiencing a partial transformation: with the longitudinal SAM being partly
transformed into the transverse SAM. Alongside works concerned with spin-to-
orbital conversion, for completeness sake, it is worth mentioning other remarkable
optical phenomena that occur at the focus, which include photonic wheels [21-24],
polarization Mobius strips [24-30], spin and orbital Hall effects [31-34], optical
magnetization [35-37], reverse energy flow [38—41], and optical skyrmions [42—44].

In this section, employing the Richard-Wolf formalism and numerical simulation,
we show that when tightly focusing a right-handed circularly polarized optical
vortex, the cross-section-averaged longitudinal SAM vector projection is somewhat
decreased whereas the cross-section-averaged longitudinal OAM vector projection
is increased by the same magnitude. However, we argue that it would be wrong to
assume that the longitudinal SAM is partly transformed into the longitudinal OAM.
On the contrary, we demonstrate that the cross-section averaged SAM vector
conserved upon focusing, with the longitudinal SAM component partly converting
into the transverse SAM component. Hence, relative to its original value, the cross-
section-averaged longitudinal OAM at the focus is exactly increased by the magni-
tude of the increase of the total azimuthal orbital (or canonical) energy flow in the
focal plane.
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5.1.1 Sharply Focusing a Right-Handed Circularly Polarized
Optical Vortex

For the convenience of readers, below we give formulae from Refs. [45, 46] for basic
relationships that describe the light field characteristics in the focal plane. In the
original plane, the Jones vector of a right-handed circularly polarized vortex beam is
given by

F(0.) = 22 expling) (1 ) (5.1)

where @ is the azimuthal angle in the output pupil plane of an aplanatic optical
system, O is the polar angle defining the tilt of the light rays to the optical axis, B(0) is
the amplitude of the original light field (real function) which is radially symmetric
relative to the optical axis, and m is the (integer) topological charge of the optical
vortex. Using the Richards-Wolf formalism [6], we can derive for all projections of
the energy flow vector in the focal plane. In the general case, the Poynting vector P is
defined by the well-known expression, P = ¢ Re (F* x H)/(2x), where F and H are
the electric and magnetic field vectors, “*” and “x” denote the complex and vector
products, Re is the real part of the complex number, and c is the speed of light in
vacuum (the constant ¢/(2n) will be dropped). Projections of the energy flow vector
at the focus are given by [45]:

Pr - 07
P, = Q(r),
P, = J(z),m _‘]g,m+2’

Q(}") = Jl,m+1 (JO,m + J2,m+2)~

(5.2)

The functions J, 4 in (5.2) present the following integrals, with the first and second
indices, respectively, defining the integral type (@ = 0, 1, 2) and the order of the
Bessel function J4(&) under the integral (8 = 0, £1, £2, .. .):

0o

Jap = (@) / sin®*! (g) cos®® (g) cos'2(0)B(0)e™ 0 4(8)do,  (5.3)
0

where k = 2n/A is the wave number of light of wavelength 4, fis the focal length of an
aplanatic system, (r, @, z) are the cylindrical coordinates, and 6 is the maximum
angle of the tilt of rays to the optical axis, which defines the numerical aperture of the
aplanatic lens, NA = sin(6), & = kr sin(8). The Poynting vector is composed of two
terms [47], the orbital energy flow, P,, and spin flow, P,
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P =P, +P,=Im(E(V)F) + 1 (V x§).
S = Im(F* x F).

(5.4)

From (5.4), the azimuthal projection of the orbital energy flow (canonical momen-
tum [47]) at the focus can be expressed as follows:

Py, =Im(F" - (V)F) =

@
1 LOF, _,OF, _OF) _
rIm(Fx a(p +F}’T¢+Fz a§0> = (55)

1

; (m‘](z),m + (m + 2)J%,m+2 + 2(1”1 + I)J%,erl)'

In (5.5), F,, F,, F, denote projections of the electric field F of Eq. (5.1) in the focal
plane. In view of Egs. (5.4) and (5.5), the longitudinal component of the angular
momentum component is expressed as

J.=rPy, = 1Py, + 1Py, =

5.6
rim(F* - (V)F),, +§(v x8), =L +5.. (56)
From (5.6), the azimuthal component of the orbital energy flow is seen to contribute
to the longitudinal OAM component at the focus. Knowing the azimuthal projec-
tions of the energy flow at the focus (Eq. (5.2)) and orbital energy flow (Eq. (5.5)),
we can derive the azimuthal projection of the spin flow at the focus of field (5.1):

Pypy =Py —Pory =
Jtmi1(Jom + Jomya)— (5.7)
1

(m‘](2)m + (m + 2)J%,m+2 + 2(111 + 1)J%,m+1)'

o
In (5.7), no singularity occurs at » = 0, because at m > 0 the integrals (5.3) entering
(5.7), tend to zero as r°. At r = 0, the expression in (5.7) equals zero. By analogy
with Eq. (5.2), we can also derive relationships for the SAM projections in the focal
plane for the original field in (5.1). The SAM vector is defined by the familiar
relationship, S = Im (F* x F)/(8zw), where Im denotes the imaginary part of the
complex number and o is the angular frequency of light. Below, the constant 1/(8nw)
is dropped and relationships for the SAM vector components at the focus of original
field (5.1) analogous to the Poynting vector components in (5.2) can be expressed as
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S, =0,

Sp = Q(r),

S = ‘Ié,m ngﬁ’

Q(r) = Jimr1Jom + J2mi2)-

(5.8)

From a comparison of (5.2) and (5.8), the longitudinal and transverse projections of
the Poynting vector and SAM vector are seen to be identical, which are codirectional
and parallel.

The OAM vector in the focal plane of field (5.1) for the longitudinal projection
can be expressed as [45].

*5 *5 *8

=mlg,, + (m + Z)Jz,m+2 +2(m+ )J% -

(5.9)

Note that Eq. (5.9) describes the term Lz in (5.6). An expression for the intensity
distribution in the focal plane of field (5.1) reads as [45].

2
I(r.p.2=0) = R + |F |+ |F.f =

s (5.10)
J + J2 ,m+2 + 2Jl,mﬁ-l .

Averaged characteristics of the light field in the focal plane, including the beam total

energy (power), I=W, total longitudinal energy flow P, total longitudinal SAM, S,

and total longitudinal OAM, L.can be expressed as

oo 2m oo 2m
7:/ /Irdrdga:/ /(J(z)’m+J§’m+2+21im+])rdrdqo (5.11)
0 0 0 0 .
= Wo+ W, +2W,.

SR 4

o 2
R 1
_/ /Pzrdrd(p 2 / /rdrdgo J()m 2m+2) (512)
0o 0

0
:WO—W2:W—2W272W1.

oo 2r

o 2
1
:/ /Szrdrdgo 2 / /rdrd(p om — 2m+2) (513)
0o 0
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N . (5.14)
= / rdr | dp(mJg, + (m+2)J5,,, +2(m+1)Ji,,.,) =

0 0
=mWo+ (m+2)Wo+2(m+ 1)W,.

Equations (5.11)—(5.14) have been derived using the following integral [48]:

W,=2n / }Ju,ﬁ(r)|2rdr =
0

6y
= 4znf? / sin?*+1 (g) cos’2* (g) |B(9)|2d9.
0

From (5.13) and (5.14), it follows that the sum of SAM and OAM (the angular
momentum) equals a product of the beam total energy by the topological charge
m plus one:

(5.15)

S.+ L. =(m+1)W. (5.16)

To look into how the average characteristics of original field (5.1) will change at the
focus, let us write down these characteristics in the original plane:

S.o= W, P.o=W, Lo=mW. (5.17)

From a comparison of (5.16) and (5.17), the sum of the longitudinal SAM and OAM
for field (5.1) is seen to conserve upon focusing. At the focus the longitudinal SAM
is smaller in magnitude than the original value by S.o — 8. = 2(W, + W,). A
comparison of (5.14) and (5.17) suggests that at the focus, the longitudinal OAM
increases exactly by the same magnitude: L — Lzo =2(W, + W;). From a com-
parison of Egs. (5.12) and (5.17), the longitudinal energy flow in the focal plane is
seen to reduce by the same magnitude: IA’Z,O — ?’Z = 2(W; 4+ W;). The question is
where the said longitudinal components of the SAM and Poynting vectors have been
redistributed to. Using (5.15) it can be shown that the cross-section-averaged
longitudinal component of energy flow of (5.12) is formed immediately behind the
spherical lens, conserves upon focusing and is defined by
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P, = %(1 + cos ), (5.18)

where the angle 6, defines the spherical lens numerical aperture NA = sin 6,. In a
similar way, the transverse energy flow component immediately behind the spherical
lens can be derived as

- _K 26()75in200
Pr=3% ( 1 — cos by ) (5-19)

While immediately behind the spherical lens the transverse energy flow is purely
radial, an azimuthal component is forming as the beam propagates. In the focal
plane, the transverse flow is seen to be purely azimuthal, Egs. (5.5) and (5.7), with
only a portion of this azimuthal flow, in the form of the azimuthal orbital energy
flow, being converted into the generation of the longitudinal OAM component,
Eq. (5.6). The azimuthal spin flow, Py, , is redistributed to the longitudinal spin
component, S,. Based on Eq. (5.2), it is not possible to derive an explicit expression
to define an explicit expression for an average azimuthal energy flow which rotates
on a circular path in the focal plane:

2 2

P, = / / P, rdrdg = / / Q(r)rdrdg. (5.20)
0 0 0o 0

Interestingly, at m = 0 (no optical vortex), the azimuthal energy flow conserves and
equals P, ,, — o = Q(r) = J;, 1(Jo, o + J2, 2), with the total azimuthal energy flow in
(5.20) remaining unchanged, as it is defined not by the topological charge but by the
numerical aperture. The azimuthal projection of the spin vector density, Eq. (5.4) is
at a tangent to any optical-axis-centered circumference in the focal plane. An average
azimuthal spin projection in the focal plane is described by a relationship similar to
(5.20):

b4 2n

oo 2 00
Eq, = / /S(prdrdgo = / Q(r)rdrde. (5.21)
0 0 0

0

Thus, we infer that for a light wave generating a transverse energy flow in the focal
plane, the polarization vector also rotates in a plane perpendicular to the vector S,. If
Q(r) > 0 in (5.4), then the polarization vector rotates anticlockwise.

Hence, we can think of the following mechanism of spin-to-orbital conversion
that occurs upon tightly focusing a light beam. In the initial plane, prior to reaching
the focusing lens, the beam has longitudinal projections of spin, S,, and energy flow,
P, which are equal to the beam total energy, W, (Eq. (5.17)), and has no OAM at
m = 0. Just after passing the lens, the longitudinal spin and energy flow projections
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decrease due to transverse projections occurring, Eq. (5.19). Thanks to the presence
of the transverse energy flow component, the longitudinal component of averaged
OAM is generated immediately behind the lens:

L= (1~ cosh) = 2(W, + Wy). (5.22)

From (5.22) it is seen that the maximum total OAM can only reach half the beam
energy, L, = W/2 at 8y = #/2. In the course of focusing, an azimuthal component is
started forming and growing in the transverse spin and energy flow projections, with
only the azimuthal components of spin vector, Eq.(8), and energy flow, Eq. (5.2) and
no radial component remaining in the focal plane. In the course of focusing, the
longitudinal OAM component, Eq. (5.22), conserves. So, in the focal plane, OAM
(5.22) is contributed to only by the azimuthal component of the orbital energy flow
in (5.5) and (5.6).

The effect of reducing longitudinal energy flow in the focal plane can also be
substantiated in a different way by proving that the longitudinal SAM has decreased
due to it partly converting to the transverse SAM. This approach uses explicit
expressions for the electric field projections at the tight focus of original field (5.1):

im_l

Fx,m = W eim(p (JO,m + 62iw-]2,m+2) 5

" img iq 5.23
Fym :756 p(JO,m —e pJ2,m+2)7 ( )
Fz,m — _ 2im€i(m+1)(p.]1’m+1 )

From Eq. (5.23) for the components of field (5.1) it is seen that after the original
optical vortex, exp(img), passed through the spherical lens, two extra vortices are
generated, exp(i(m + 2)¢@) and exp(i(m + 1)¢), with beam’s energy partly going to
their generation. It is these extra vortices that contribute to the transverse energy
flow, because the terms J_,, . 1 , Ja, m + 2 enter both the azimuthal flow in Eq. (5.2)
and the longitudinal OAM projection in Eq. (5.22). Even if the original field has no
optical vortex (m = 0), optical vortices with topological charges 2 and 1 are
nonetheless generated at the focus, creating the azimuthal energy flow of Eq. (5.2)
and the longitudinal OAM component of Eq. (5.22). In a similar way, as a result of
focusing, the longitudinal SAM projection appears to be partly transformed into the
azimuthal transverse SAM projection, Eq. (5.21), being equal in magnitude to the
transverse Poynting vector projection (5.20).

Interestingly, the phenomenon of increasing radius of circular movement of a
microparticle at the tight focus of an optical vortex experimentally observed in Ref.
[17] can be interpreted as a presence of an optical vortex with topological charge
(m + 2) in (5.23). The authors showed that the radius if the microparticle’s circular
movement was larger for the right-handed circularly polarized beam than for the
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left-handed circularly polarized beam. However, no such a simple interpretation of
the experimental results based on Eq. (5.23) was offered in Ref. [17].

5.1.2 Numerical Modeling

The numerical modeling was conducted using Richards-Wolf integrals [6] for orig-
inal field (5.1), assuming a 633-nm wavelength and NA = 0.95.

It is seen from Fig. 5.1 that even with no optical vortex (m = 0), the transverse
energy flow is directed towards the optical axis prior to the focus (a), away from the
optical axis behind the focus (b), and rotates about the optical axis on circular paths
at the focus due to spin-to-orbit conversion (c). Notably, at different distances from
the optical axis, the transverse energy flow has a different handedness. The multitude
of the blue arrows in Fig. 5.1 mark the presence of an inverse energy flow in the
focus neighborhood. Figure 5.2 depicts a zoomed-up central fragment of Fig. 5.1b,
with the energy flow seen to rotate anticlockwise within the focal spot (Fig. 5.2a).
The distribution pattern of the azimuthal energy flow, marked red in Fig. 5.2b, is in
the form of rings and equals zero at the center.

Figure 5.3 depicts distribution patterns for the (a) horizontal, S, and (b) vertical,
S, components of the SAM vector at the focus for field (5.1) at m = 0. The transverse
SAM flow is seen to be azimuthal, rotating anticlockwise, and coincident with the
azimuthal energy flow in Fig. 5.2.

We have analyzed optical phenomena and underlying mechanisms that occur
upon tightly focusing a right-handed circularly polarized optical vortex [49-
51]. Relationships for the focal-spot-averaged longitudinal components of the
SAM, OAM, and Poynting vector as well as averaged longitudinal transverse

1 MKM

Fig. 5.1 Patterns of intensity (color) and energy flows (arrows) near the tight focus of a right-
handed circularly polarized optical vortex (m = 0) at wavelength A = 633 nm, focal length f = 10
um, vortex order m = 0, NA = 0.95, a uniform radial distribution of the focused field amplitude
(B(0) = 1), in the transverse planes at: (a) z = —A (prior to the focus), (b) z = 0 (at the focus), and
(c) z = +A (behind the focus). Red, blue, and white-colored arrows, respectively, denote a positive,
negative, and near-zero longitudinal energy flow. Dotted circles mark boundaries between the
positive and negative longitudinal energy flows
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Fig. 5.2 Zoomed-up patterns of (a) intensity / (color) and azimuthal energy flow P, (arrows) at the
tight focus of a right-handed circularly polarized optical vortex for the same parameters as in
Fig. 5.1a and (b) the azimuthal Umov-Poynting vector component, P,,

100 HM

Fig. 5.3 Distribution patterns for the (a) horizontal S, and (b) vertical S, components of the SAM
vector at the tight focus of a right-handed circularly polarized optical vortex for the same parameters
as in Fig. 5.1 (red- positive value, blue— negative values)

components of the SAM and Poynting vector have been proposed. Upon tightly
focusing, the original averaged longitudinal SAM component has been found to
conserve, being only redistributed between the longitudinal and transverse compo-
nents. Besides, in the course of focusing, the original longitudinal energy flow has
also been found to conserve and be redistributed between the longitudinal and
transverse components. It has also been revealed that at the focus the orbital
component of the azimuthal energy flow partly goes to the generation of the beam
longitudinal OAM. Because of this, it would be incorrect to suggest that in the course
of focusing the longitudinal SAM component (spin) is partly converted into the
OAM component (orbit) as a decrease in the longitudinal SAM component is due to
it being partly converted to the transverse (azimuthal) SAM component. Interest-
ingly, in Ref. [47] the authors counterposed the Poynting vector (energy flow) with



158 5 Orbital Angular Momentum at the Sharp Focus of Laser Light

the canonical (orbital) energy flow although the latter represents a part of the
Poynting vector, bar the spin component. Here, we have demonstrated that only
the part of the azimuthal component related with the orbital energy flow is converted
to the OAM. In Ref. [9], a different mechanism for generating an azimuthal energy
flow at the focus was offered. At every moment of time, an elliptical intensity
distribution pattern is being formed at the focus, with the major semi-axis directed
along the polarization vector. With time, the polarization vector rotates in the focal
plane with a frequency of light, with the intensity pattern (energy density) rotating
about the optical axis with the same frequency, thus leading to the generation of the
azimuthal energy flow at the focus. We note that such an explanation of the
mechanism of spin-to-orbital conversion serves to prove that the energy flow at
the tight focus is only related and co-directed with the orbital component of the
Poynting vector.

5.2 Orbital Angular Momentum Density Distribution
at the Sharp Focus

Much attention in modern optics is paid to structured light fields with orbital angular
momentum (OAM) and non-uniform polarization [52-54]. Interest in structured
light appears due to its application in optical telecommunications [55], manipulation
of micro-objects [56], quantum information [57], optical microscopy [58], and
surface microstructuring [59]. An important task for structured light is the theoretical
determination of its OAM. The first work on determining the OAM of Laguerre-
Gaussian beams was performed back in 1992 [3]. In subsequent studies it was shown
that the azimuthal energy flux (azimuthal projection of the Poynting vector) in the
cross section of paraxial vortex beams depends on the polarization state and rotates
in different directions (clockwise or counterclockwise) for light with left- and right-
handed circular polarization [60-62]. It was experimentally shown in [63] that
the trapped microparticles move in different directions at different distances from
the optical axis in a Bessel beam with circular polarization. But it turns out that the
Poynting vector is the sum of two vectors, one of which describes the canonical
energy flux, and the second vector describes the spin flux [47]. It is shown in [47]
that for a paraxial optical vortex with elliptical polarization, the azimuthal orbital
energy flux (canonical flux) does not depend on the state of light polarization (left- or
right-handed elliptical polarization), but depends only on the topological charge of
the optical vortex. Therefore, the OAM density does also not depend on the rotation
direction of the polarization vector. But in the case of paraxial light fields with
non-uniform polarization this is not true. For example, it is shown in [64] that for a
paraxial vector field (without an optical vortex) with non-uniform linear polarization
(superposition of light with linear and cylindrical polarizations) the OAM density at
some distances from the waist plane depends on sin(n¢g), where n is the order of
cylindrical polarization, ¢ is the azimuthal angle in the beam cross-section. That is,
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the OAM density depends on the beam polarization state and changes sign when the
azimuthal angle changes. For non-paraxial light fields, due to the spin-orbit conver-
sion effect, the longitudinal projection of the OAM depends on the polarization state
[20, 65, 66].

In this section, we obtain analytical expressions for the longitudinal projection of
the OAM vector in the plane of sharp focus for four different light fields. The
expressions are obtained using the Richards-Wolf theory [6]. The OAM density
for all four fields follows from the derived expressions to depend on the polarization
state. We show that for two of the four fields that do not have an optical vortex, the
OAM density at the focus changes sign when both coordinates change: radial and
azimuthal.

Physically, the dependence of the OAM in the focus on the polarization state is
explained by the spin-orbit conversion [20, 65, 66] and the spin Hall effect in the
focus [64]. The spin-orbit conversion in the focus consists in the fact that light with
an initial elliptical or circular polarization during focusing forms a rotation of the
light energy in a circle in the focus and thereby creates a longitudinal projection of
the OAM. Moreover, the rotation of the energy in a circle in the focus occur either
clockwise or counterclockwise, depending on whether the initial light field has a left-
or right-handed circular polarization. Therefore, for the first light field considered in
this work, which is an optical vortex with elliptical polarization, the OAM in the
focus due to the spin-orbit conversion increases if the light has a right-handed
elliptical polarization or decreases if the polarization is a left-handed. The second
light field considered in the work and which is a superposition of fields with
cylindrical and elliptical polarizations has no optical vortex in the initial plane.
Local optical vortices are formed in the focus of it. They are formed due to the
spin and orbital Hall effects [64]. This effect consists in the fact that, although the
light has no OAM in the initial plane, an even number of local regions are formed in
the focus, in which the OAM signs are different. Moreover, the total OAM is zero
except for the case when the cylindrical beam becomes a beam with linear polari-
zation, and the polarization of entire superposition is elliptical. In this case, the
second beam coincides with the first one at n = 0. The third beam considered in the
work is an optical vortex with cylindrical polarization. Such a beam has no spin and
therefore its total OAM in the focus and at the beginning is the same and does not
depend on the polarization state. But the OAM density due to the orbital Hall effect
has a different distribution of local OAM maxima and minima depending on the
order of cylindrical polarization n. Finally, the fourth beam considered in the work is
a beam with hybrid circular-cylindrical polarization. It does not have an OAM in the
initial plane, but due to the spin and orbital Hall effects local regions are formed in
the focus with different signs of the OAM. The results obtained in this work were not
included in our book [67]. In [67], the orbital Hall effect in the focus is considered by
calculating projections of the Poynting vector. In this work we calculated the OAM
density, and not the projections of the Poynting vector. An evident application of the
obtained results is the use of regions in the focus with different signs of OAM in
micromechanics problems. If two dielectric microparticles in the form of gears are
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captured in two adjacent regions with OAM of different signs, they will be rotated by
light in different directions and can bring in motion a micromechanical device.

5.2.1 OAM Density at the Focus of an Optical Vortex
with Elliptical Polarization

The orbital angular momentum vector is given by the following formula with an
accuracy of up to a constant 1/(8nw), where w is the angular frequency of mono-
chromatic light [67]:

2n

/ Z E* (r x V)E,rdrde,
S pEEz (5.24)
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where the vector product of the radius vector r and the vector V is written in brackets,
Im is the imaginary part of the number, (, ¢) are the polar coordinates in the beam
cross-section. The second formula describes the OAM density vector, and the first
one describes the total OAM integrated over the entire beam cross-section. Next, we
obtain analytical expressions for both the density and the total OAM, but only for
one longitudinal projection of the vectors (5.24):
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(5.25)

Let us consider a sharp focusing of an optical vortex with elliptical polarization, it’s
the initial field Jones vector can be written as:

Ei(¢) =¢%—/0{2 <11a> (5.26)

where m is the topological charge of the optical vortex, a is a real parameter
specifying the vector state of the initial beam (5.26): if @ = 1 there is a right-
handed circular polarization, if @ = 0 there is a linear polarization, when 0 < a < 1
an elliptical polarization takes place. Three projections of the electric field strength
vector at a sharp focus for the initial field (5.26) are known [68]:
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where k = 2n/4 is the wave number of light with the wavelengths 4, f is the focal
distance of an aplanatic system, (r, @, z) are cylindrical coordinates, 6, is the
maximum tilt angle of light rays to the optical axis, which defines a numerical
aperture of the aplanatic optical system NA = sin(6y), & = kr sin(0), B(0) is the real
function, which depends on the polar angle only and describes an amplitude
distribution of the focused light beam. For the field (5.26) B(8) = 1. The projections
of the field at the focus (5.27) are obtained using the Richards-Wolf formalism
[6]. Note that if we calculate the OAM density (5.25) for the initial field (5.26), but
neglect the longitudinal coordinate (as is done in the paraxial approximation case),
we obtain the well-known result: j, = m. That is, in the paraxial case, the OAM
density does not depend on the polarization parameter a. In the case of non-paraxial
light fields, as in the case of sharp focusing, the OAM density depends on the
polarization parameters of the initial field. Indeed, substituting the expressions for
the field projections at the focus (5.27) into (5.25), we obtain an expression for the
OAM density:
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It is seen from (5.29) that the OAM density depends on both polar coordinates (r, @).
Therefore, at different azimuthal angles it can have different signs. From (5.29) it is
possible to obtain simpler expressions for the OAM density of an optical vortex with
linear and right-handed circular polarizations:

. 1
jlz,L(r’ QU) = { |:m13m + E (m + Z)I%m+2+
1
+5(m=2)1,, o+ (m+ D, + (= DR, ]+ (5.30)
+ COS(Z(p) [(m + 1 )IO,mIZ,m+2+

+(m — Dlomlam — 2mly i1l m—1]}s

le,C(r) = ml(z),m + (m + Z)Ig,m+2 + 2(m + 1)1%,111-0—] . (531)

It is seen that the OAM density at the focus for the optical vortex with circular
polarization has radial symmetry (5.31), and the OAM density for linear polarization
can change sign 4 times when going around the optical axis (5.30), since there is a
term with cos(2¢). The squares of the integrals (5.28) in the first square brackets are
always positive, and the products of these integrals in the second square brackets can
change sign when the radial coordinate changes. That is, at some distance from the
optical axis, at the same azimuthal angle, the expression for the OAM density (5.30)
can change sign. There is no such effect in the paraxial case [47], since in this case,
the OAM cannot change sign when the radial coordinate changes. The total OAMs
of both beams (5.30) and (5.31) are equal to:

Jizr = mWo +mWo +2mW, = mW, (5.32)

Jizc=mWo+ (m+2)Wy +2(m+ )W, =

(5.33)

=mW 4 2(W, + Wy).
Due to the spin-orbit conversion the OAM at the focus is clear from (5.33) to be
different from zero even if there is no initial optical vortex (m = 0). That is, light only
with right-handed elliptical polarization forms an azimuthal energy flow at the focus
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rotating counterclockwise, and therefore forms a longitudinal projection of the
OAM. In (5.32) and (5.33) the following definitions are used [69]:

o0

W,=2n / }Ia,/;(r)fzrdr =

)
= 4nf? / sin?**! <g> cos® ¢ <§> |B(0)|d6.
0

It is clear from a comparison of (5.32) and (5.33) that at m = 0 (no vortex) the total
OAM of a linearly polarized field is zero, and for a field with circular polarization the
total OAM is nonzero due to the spin-orbit effect at the sharp focus.

(5.34)

5.2.2 OAM Density of a Hybrid Light Field at the Focus

Let us consider other examples of vector light fields, in which the OAM density at
the focus can change sign with changing of the radial variable. Let us consider the
Jones vector of the initial vector field, which has regions with linear and circular
polarization in its cross-section, which is why it is called hybrid [70]:

Es(¢) = ﬁ (cos ngid + sinng). (5.35)

At d =0, field (5.35) is a cylindrical vector field of the n-th order, and at n = 0, field
(5.35) is a plane wave with right-handed elliptical polarization. The light field (5.35)
does not have an optical vortex, but we will show that at the focus the density of the
longitudinal OAM is nonzero, and there are regions with positive and negative
OAM. The projections of the electric field strength vector (5.35) at the focus have
the form [70]:

1

—x
V148
+15,-5cos(n — 2)@) + 812, sin 2¢),
1

Ey, = ———— x [i" Iy, sinng— 5.36
=i | (530
—I 2 sin(n — 2)@) + 6(Ipo — 122 cos 2¢)],

E, = [i""' (Lo, cos np+

E, = #(1’"11,,,_] cos(n — 1)@ — i8I sin ¢).
1468
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Substituting projections of the field at the focus (5.36) into the expression (5.25) for
the density of the longitudinal OAM, we obtain for an even number n = 2p, p = 0,
1,2,...(Gfn=2p + 1 the OAM density is zero):

Jo. = M [[2210.0(n + 2) cos(n — 2)p—
et
Dol pa(n — 4) cosng — loolon cos ngp— (5.37)

10,012’”_2(1’1 — 2) COS(I’l — 2)§0 — 4]1,111’”_1 X
((n—1)singsin(n — 1)p 4+ cosgpcos(n — 1)g)].

The OAM density is seen from (5.37) to depend on the azimuthal angle ¢ and the
radial variable r. For some coordinate values (r, ¢) the OAM is positive, and for
some it is negative. This is explained by the orbital Hall effect. The orbital Hall effect
is as follows. If the circular or cylindrical symmetry is broken in the initial light field,
then light with different spins (with left- and right-handed circular polarization)
deviates from the optical axis differently and forms local regions in the focus in
which the spin has different signs. And because of the spin-orbit conversion, light
fields with different signs of spins form regions with different signs of OAM. The
OAM density is seen from (5.37) to be zero at & = 0. It is also seen from (5.37) that
all the terms of the density are multiplied by trigonometric functions of the azimuthal
angle. This means that when integrating over the angle all these terms give zero, and
therefore the total longitudinal OAM of the beam (5.36) is zero: J,, = 0. The
exception is the case when n = 0. In this case the polarization of the field (5.35) is
elliptical and due to the spin-orbit effect at the focus the total longitudinal OAM is
nonzero and equal to: Jp, , — ¢ = 46(1 + 62)71(W2 + W)), the density of the
longitudinal OAM at n = 0 is equal to:

. 46
Jzz’n:() = m (I%,Z + Ii] =+ 12’21()’0 COS 2(p) . (538)

All terms consisting of products of different integrals (5.28) is also seen from (5.37)
and (5.38) can change their sign when the radial variable r changes. Therefore, the
density of the longitudinal OAM can also change sign when the radial coordinate
changes. This means that microparticles captured in the focus of the beam (5.35) at
different distances will rotate in different directions along circles of different radii
(clockwise and counterclockwise). We obtain a simple expression for the density of
the OAM (5.37) at n = 2:

o %
1+6 (5.39)
X [412’210’2 — 4]%1 —+ 2 cos 2(p(12y2]2,0 — IQQIQQ)] .

Jozn=2 =

The total longitudinal OAM of the field (5.39) is zero, since it can be shown that it is
equal to the expression:
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46
Jozn=2 = ( (W —Wy) =0, (5.40)

1+6%)

and both terms in (5.40) are equal to each other:

Wz() =2

\8

Igyg(r)IO,Q(r)ra’r =

sin® (g) cos® (g) |B(0)[?d6 = W,.

(5.41)
= 4nf?

o\%
> o

5.2.3 OAM Density at the Focus of an Optical Vortex
with Cylindrical Polarization

Let us obtain an expression for the OAM density longitudinal projection in the sharp
focus of an optical vortex with a topological charge of m and with a cylindrical
polarization of order n. The Jones vector for the initial field can be expressed as:

i cosn
Es(p) = emw( o n;’). (5.42)

The electric field strength vector projections in the focus plane can be written as [71]:

sm+n—1

l i(m+n)q —2ig
Ex - 5 e ( Jo (]0,m+n +e I)IZ,m+n72) +
imfnfl ( ) 2
) e (IO,ern +e lwIZ,m+n+2)’
jm—+n
i ~ 5.43)
_ + -2 (
Ey — 2 el(m n)(p (_IO,m+n +e WIZ,eran)"'
e ( ) .y
i(m—n)q ig
) e /)(IO,m+n —e 1)12,m+n+2),
E, = l-m+nei(m+n71)q;11’m+n71 o l-mfnei(mfnJrl)q;Il’minJrl )

Substituting the field projections at the focus (5.43) into expression (5.25) for the
longitudinal OAM density, we obtain:
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(m+n) (m —n)

jSZ(r’ §0) = 2 1(2),m+n + 2 Ig,m—n—’_
(m+n—-2), (m—n+2),
#12,m+n72 + fllmﬂﬂd—"_ (544)

(m+n-— l)limﬂ,,l +(m—n+ l)I%miHJ T
(_1)" COS((2I’£ - 2)(p)[(m + 1>IO,m+nl2,m7n+2+

(m - 1)10,m7n12,m+n72 - 2m11,m7n+111,m+n71 ] .

There are regions in the focal plane where the OAM is proportional to sum of orders
m + n, and there are regions, where OAM is proportional to the difference of orders
m-n since the initial beam (5.42) contains two types of singularities: phase singu-
larity of order m and polarization singularity of order #. It is seen from (5.44) that the
OAM density at the focus of the field (5.42) depends on both numbers m and n, as
well as on both cylindrical coordinates (7, ¢). When going around a closed trajectory
of a certain radius and with the center on the optical axis, the OAM density can have
4(n — 1) regions of different signs, since there is a term with cos(2n-2)¢. Since
Eq. (5.44) includes terms with the product of integrals (5.28) with different numbers,
such terms change sign when the radial variable changes. Therefore, the entire OAM
density (5.44) can change sign when the variable r changes with a constant variable
@. Atm = 0 (no vortex), the OAM density (5.44) is zero. At n = 1, the OAM density
(5.44) is radially symmetric and greater than zero (m > 0). If we integrate the OAM
density (5.44) over the entire plane of the focus, we obtain the longitudinal projec-
tion of the entire OAM:

J3, = m(W() + W, + 2W1) =mW. (545)

Expression (5.45) coincides with Eq. (5.32) and shows that the total OAM of the
beam (5.42) is determined only by the topological charge of the optical vortex m and
does not depend on the order of cylindrical polarization n.

5.2.4 OAM Density at the Focus of the Beam with Angular
Dependence of Elliptical Polarization

Let us consider an initial field with hybrid polarization, which changes the polari-
zation ellipse depending on the azimuthal angle and is described by a Jones vector of
the form:

Ei(p) = ( ~isin m") . (5.46)

cos ng
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Depending on the angle, the polarization state of the field (5.46) changes from linear
to elliptical and right-handed circular polarization. Moreover, when going along the
circle with the center on the optical axis linear and circular polarizations repeat
n times. Therefore, we also call this hybrid polarization circular-cylindrical polari-
zation. The projections of the electric field strength vector in the sharp focal plane of
the field (5.46) can be written as [72]:

E, = % [IOn sin ne + %12,m+2 Sin(m + 2)(p+
+12 Lo sin(m — 2)gl,

l']'l 1 +l
E, 5 [ilo,n cos ngp — 3 —— D2 X (5.47)
x cos(m+2)p + %12 m—2 cos(m — 2)¢],

E. = ’5[(1 + i1y sin(n + Do+
+(1 =)y sin(m — 1)¢).

Substituting the projections of the field at the focus (5.47) into expression (5.25) we
obtain the following expression for the density of the longitudinal OAM:

. 1 .

Je=7 [—sin2¢{(n + 1)Ioul2 2+

+(n— Dloplon—n + 20l pi1dy p1 }+ (5.48)
+2sin 2”§0{12,n+212,i172+211,n+lIl,nfl }] .

The OAM density (5.48) depends on the doubled azimuthal angle 2¢. Therefore, the
density distribution at the focus is a centrally symmetric (like a snowflake), i.e., the
rays ¢ and ¢ + 7 have identical OAM distributions. Because all terms in (5.48) are
multiplied by trigonometric periodic functions, the total OAM will be zero, J,4, = 0.
At n = 0, the initial field (5.46) have vertical linear polarization, and it follows from
(5.48) that the OAM density of such a field at the focus is zero. At n > 0, in
expression (5.48), all terms have a product of integrals (5.28) with different numbers,
and therefore all terms can change sign when the radial variable r changes. There-
fore, the expression for the OAM density (5.48) can also change sign when r changes
and at a constant @. These conclusions are confirmed below using numerical
simulation. In this case, as in the case of field (5.35), the cylindrical symmetry of
the initial field amplitude is broken. Therefore, due to the spin and orbital Hall
effects, local regions with spin of different signs and with longitudinal OAM of
different signs are formed in the focus.
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5.2.5 Numerical Simulation

Shown in Fig. 5.4 are the intensity distributions (Fig. 5.4a,c,e,g) and the orbital
angular momentum density (Fig. 5.4b,d,f,h) in the sharp focus of beams with hybrid
polarization (the Jones vector is [—isin ng, cos n]" (5.46), Fig. 5.4a—d) and the
superposition of beams with radial and linear polarization (the Jones vector is [cos
ng, io + sin ng]" (5.35), Fig. le-h). The light in the focus is calculated using the
Debye integrals within the Richards—Wolf formalism [6], and the OAM density is
calculated using formula (5.25). The following parameters are used for the simula-
tion: wavelength A = 532 nm, the focal length f = 20A, the polarization order n = 2
(Fig. 5.4a,b,e,f) and n = 4 (Fig. 5.4c,d,g,h), relative amplitude of the linearly
polarized beam a = 1, the numerical aperture NA = 0.95, the size of the calculated
region is 2 X 2 pm.

It is seen from Fig. 5.4 that the OAM density changes sign both with a change in
the radial variable r and with a change in the azimuthal angle ¢. The distribution in
Fig. 5.4b,d confirms the correctness of the expression (5.48), the type of OAM
distributions in Fig. 5.4f,h confirms the correctness of expressions (5.37) and (5.39).
The different sign of the OAM in different areas of the focal plane demonstrates the
orbital Hall effect, i.e. the separation of photons with different OAM signs in space.
At the same time, in areas with different OAM signs, the canonical energy flux, as
well as the azimuthal projection of the Poynting vector, rotate in different directions
(clockwise and counterclockwise).

Figure 5.5 illustrates transverse Poynting vector in the light field depicted in
Fig. 5.4a,b. In Fig. 5.5, 8 subwave regions are visible, in which the Poynting vector
rotates along closed trajectories either clockwise or counterclockwise. According to
Fig. 5.5, the density of longitudinal angular momentum for the field (5.46) atn = 2 is
positive in 4 regions and negative in the other 4 regions. Figure 5.5 differs from
Fig. 5.4b because the Poynting vector (Fig. 5.5) includes not only the energy flux,
but also the spin flux [47], and the OAM takes into account only the energy flow
without taking into account the spin.

Figure 5.6 depicts the intensity distributions (Fig. 5.6a,c,e,g) and the orbital
angular momentum density (Fig. 5.6b,d,f;h) in the sharp focus of vortex beams
with circular polarization (the Jones vector is e”?exp[1, i]* (3), Fig. 5.6a—d) and of
cylindrically polarized optical vortices (the Jones vector is ¢”"*[cos ng, sin ng]"
(5.42), Fig. 5.6e-h). The light in the focus is also calculated using the Debye
integrals within the Richards—Wolf formalism [6], and the OAM density is calcu-
lated using formula (5.25). The following parameters are used for the simulation:
wavelength A = 532 nm, the focal length f = 20\, vortex topological charge m = 2
(Fig. 5.6a,b,e,f) and m = 4 (Fig. 5.6¢c,d,g,h), the polarization order n = 4 (Fig. 5.6e,f)
and n = 2 (Fig. 5.6g,h), the numerical aperture NA = 0.95, the size of the calculated
region is 2 X 2 pm.

The OAM density distributions in Fig. 5.6b,d are expectable, since the homoge-
neously polarized optical vortices with positive topological charges m =2 and m = 4
should have positive OAM density. Circularly symmetric OAM distributions



5.2 Orbital Angular Momentum Density Distribution at the Sharp Focus 169

|
e ;
w
@

0.48

|
=
i
N

0.18

Fig. 5.4 Distributions of intensity (a, ¢, e, g) and density of longitudinal projection of OAM (b, d,
f, h) in the sharp focus of beams with hybrid polarization (5.46) (a—d) and in the superposition of
beams with radial and linear polarization (5.35) (e-h) at different polarization orders: n = 2 (a, b,
e,f)andn =4 (c,d, g, h)

confirm Eq. (5.31), which is independent of the polar angle ¢. Maximal OAM
densities, normalized to maximal intensity, are consistent with Eq. (5.33),
i.e. normalized OAM is greater than m. The computed OAM density distributions
of cylindrically polarized vortices are consistent with Eq. (5.44). According to [69],
this expression has two overwhelming terms: the first and the second one. If m > n,
i.e. if the vortex charge exceeds the polarization order, then the OAM density should
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Fig. 5.5 Transverse 0.6
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be everywhere positive (Fig. 5.6h). If m < n, i.e. if the polarization order exceeds the
vortex charge, then the OAM density distribution should have the negative inner
ring, due to the second term in Eq. (5.44), surrounded by the positive outer ring, due
to the first term in Eq. (5.44) Fig. 5.6f confirms this distribution.

The particles captured on the light ring is shown experimentally in [61, 62] to
rotate in a circle counterclockwise (6 = 1) and clockwise (6 = —1) in the absence of
an optical vortex in the sharp focus of the axicon exp(iar). Here a is the axicon
parameter, with circular polarization (1, is)", T is the transposition sign. This
phenomenon is explained in [61, 62] by the fact that the paraxial OAM depends
on the polarization state, and therefore when the rotation direction of the circular
polarization vector changes, the particles rotation direction in a circle also changes.
But this is not so. The particles in the sharp focus rotate in a circle due to the spin-
orbit effect. Indeed, it follows from (5.29) that at m = 0 we obtain:

. 2(5,+ 1), o=1,
]lz,m:O = { ' ’ (549)

—2(13,+11,), o=—1.

Figure 5.7 shows two identical ring intensity distributions (a, c¢) in the sharp focus
(NA = 0.95) of an ideal spherical lens with the initial amplitude B(0) = exp(iatan 0).
This equation is obtained from the relation » = f tané for the radial variable r on a
spherical front converging to the focus, where fis the focal length, € is the inclination
angle to the optical axis of the rays converging to the geometric focus point. And the
OAM density distribution on the intensity ring: for the right-handed circular polar-
ization (b) and the left-handed circular polarization (d). Numerical simulation
parameters are as follows: wavelength A = 532 nm is used, the focal length is
f = 20A, the axicon parameter a = 10, the calculation region size is 8 x 8 pm.
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Fig. 5.6 Distributions of intensity (a, ¢, e, g) and density of longitudinal OAM component (b, d,
f, h) in the sharp focus of circularly (a—d) (5.26) and cylindrically (e-h) (5.42) polarized optical
vortices at different vortex and polarization orders: m =2 (a, b, e, f), m =4 (¢,d, g, h),n =4 (e, f),
n=2(gh)

Due to spin-orbit conversion the OAM density is seen from Fig. 5.7 to change
sign when the direction of rotation of the polarization vector changes. An axicon is
seen from Fig. 5.7 to form an intensity ring in the sharp focus. And along this ring,
due to the spin-orbit conversion, light with right-handed circular polarization forms
an azimuthal energy flow rotating counterclockwise around the ring. In this case, the
OAM density on the ring is positive (Eq.(5.49) and Fig. 5.7b). And if the light has
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Fig. 5.7 Intensity distributions (a, ¢) and OAM densities (b, d) in the sharp focus of the field with
right-handed (a, b) and left-handed (c, d) circular polarization

left-handed circular polarization, then due to the spin-orbit conversion, an energy
flow rotating clockwise is formed in the focus along the ring. Therefore, the OAM
density on the ring is negative (Eq. (5.49) and Fig. 5.7d).

The following results are obtained in the work [50]. For four initial vector light
fields: an optical vortex with elliptical polarization (5.26), a superposition of light
with linear and cylindrical polarizations (5.35), an optical vortex with cylindrical
polarization (5.42) and light with circular-cylindrical polarization (5.46), explicit
expressions for the longitudinal projection of the OAM density vector in the sharp
focus are obtained: expressions (5.29), (5.37), (5.44) and (5.48), respectively. The
OAM density in the focus is seen from the obtained expressions to depend on the
polarization state of the initial field: on the order of cylindrical polarization n and on
the elliptical polarization parameter a. From the obtained expressions for the OAM
density it also follows that the orbital Hall effect is observed in the focus in some
cases. In different areas of the focal plane the OAM density has a different sign
(Fig. 5.4). Note that in the initial plane, fields (5.35), (5.46) and the field shown in
Fig. 5.4 are without an optical vortex, but due to the local spin-orbit effect, regions
are formed at the focus in which the energy flow (including the canonical one)
rotates in different directions. Interestingly, spin-orbit coupling occurs in the case of
sharp focusing of spatiotemporal optical vortices with circular [73] and radial [74]
polarizations. The tilt of a 2D spatiotemporal optical vortex allows to form a
transverse OAM with an arbitrary orientation at the focus [73]. 3D spatiotemporal
optical vortices [74] have two orthogonal transverse OAMs, and the polarization
structure near the focus has a toroidal topology.
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5.3 Hybrid Orbital Angular Momentum of a Vector
Light Beam

It is well known that vortex laser beams (for instance, Laguerre-Gaussian or Bessel-
Gaussian beams) have helical wave front with a phase singularity (uncertainty) on
the optical axis, as well as nonzero topological charge [75] and orbital angular
momentum (OAM) [3]. Vector beams with inhomogeneous polarization (for exam-
ple, radial or azimuthal) can also have the polarization singularities, characterized by
polarization singularity indices [76, 77]. Thus, a questions arise: can the polarization
vortices (for instance, cylindrical vector beams [78]) have some polarization OAM
(pOAM) and which physical sense has the pPOAM? Commonly used orbital angular
momentum of a vortex field indicates the azimuthal velocity of the phase change and
manifests itself in ability of a light beam with the OAM to rotate a particle along a
circular path [79]. The same way, we can derive the pPOAM quantity that indicates
the azimuthal velocity of changing tilt of linear polarization vector in the beam
section. In practice, such a polarization vortex can perform a mass transport [80] in a
polarization-sensitive medium [81] and generate a spiral-shaped surface relief
[82]. For instance, in work [82], spiral mass transport in an azopolymer thin film
(chalcogenide glass) is done by a vector laser beam with a direction of the linear
polarization vector linearly changing with the azimuthal angle. Thus, the light beam
with azimuthally changing linear polarization vector «forces» the azopolymer mol-
ecules to shift along a circle. Therefore, it can be supposed that such polarization
vortex has the polarization OAM.

It is also known that light fields with elliptic and circular polarization have the
spin [1] and spin angular momentum [2] that allows them rotating absorbing
particles around the center of mass [83]. The scattering force of light acting onto a
particle can depend on the rotor (curl) of the spin angular momentum vector
[84, 85]. Three-dimensional polarization distribution of a laser beam is employed
for accelerating charged particles [86—88]. Cylindrical vector beams with inhomo-
geneous linear polarization, that do not have the spin, are also used for particles
manipulation [89-91]. With inhomogeneous polarization of light, many optical
phenomena are related, such as spin and orbital Hall effect [92, 93], polarization
Mbobius stripes [26], optical wheels [21, 22], spin-orbital conversion [8, 9]. For
example, due to the spin-orbital conversion at the tight focus, an initial Gaussian
beam with circular polarization generates in the focus an azimuthal energy flow that
can rotate particles along a circle [94]. Due to the orbital Hall effect in the tight focus
of a vector light field with inhomogeneous linear polarization, closed energy flows
are locally generated, that also can rotate particles around a circle [95]. The reverse
energy flux in the focus of vector fields as related with the rotor of the spin angular
momentum [96].

For this reason, we find it interesting to consider an OAM for light fields with
inhomogeneous polarization. In this work, we introduce and investigate two
novel OAMs: polarization OAM, proportional to the azimuthal velocity of changing
tilt of the polarization vector, and hybrid OAM, proportional to the azimuthal
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velocity of changing polarization ellipticity. These specified OAMs are compared
with the conventional OAM, applied for scalar and vector vortex beams.

There is a physical reason why two characteristics of the scalar vortex field are
considered separately: topological charge (TC) and the OAM. The TC characterizes
azimuthal velocity of phase change of the wave front, i.e. TC indicates how many
phase jumps by 2x has the wave front when passing along a closed contour around
the optical axis. The OAM characterizes azimuthal change of the wavevector
direction of photons, which is orthogonal to the wave front. Due to the OAM,
photons move along straight lines, which do not intersect with the optical axis and
are not parallel to it. Thus, when photons with OAM are absorbed by a particle, they
transfer momentum to it and rotate the particle along a circular path. Similarly, for
inhomogeneous vector fields, also two characteristics should be considered: polar-
ization singularity index and polarization OAM. The polarization singularity index
indicates the number of full turnovers of linear polarization vectors when passing
along a closed contour around the beam optical axis in the beam transverse section.
The OAM describes azimuthal velocity of change of linear polarization vector
direction of each photon in the beam section. When such photons are absorbed by
polarization-sensitive medium, they generate gradient of medium molecules con-
centration (molecules are stretched along different directions) and cause mass
transfer (molecules motions, including along a circle).

5.3.1 Topological Charge of a Scalar Vortex Field
and Polarization Singularity Index of a Vector Field

Here we consider paraxial vector coherent light fields (beams) with polarization
singularities in a transverse section. Well known are vector beams with inhomoge-
neous linear polarization, that can have points with indefinite direction of linear
polarization vector. Such points are called V-points. If a vector beam has a point with
inhomogeneous elliptic polarization, then such a point with circular polarization is a
polarization singularity point (C-point), since the direction of the major axis of the
polarization ellipse is indefinite in this point. Such polarization singularity points are
well studied [76, 77]. To characterize them, polarization indices are used, such as the
Poincaré-Hopf index [97] and the Stokes index [98]. For formal description of these
indices, we will follow the work [99], where the polarization singularity indices are
defined similarly to the topological charge (TC) of scalar vortex beams. Thus, we
will treat the TC of scalar optical vortices according to the M.V. Berry’s formula
[75]:
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27
TC =5~ lim 5—ago [argE(r, @)]do, (5.50)
0

where E(r, @) is the complex amplitude of a scalar light field that depends on the
transverse polar coordinates, longitudinal axis z is directed along the beam optical
axis (propagation axis), arg is the argument of a complex number (phase of the light
field), lim is the limit when the radial polar coordinate  tends to infinity. If a scalar
light field has the complex amplitude

E(r,p) = A(r) exp(ing), (5.51)

then, substituting Eq. (5.51) into Eq. (5.50), we get that TC = n. Vector fields in the
initial plane are described only by transverse components of the electric field
strength vector (Jones vector):

Er.o) ) . (5.52)

E(r.9) = (

Ey(r, @)
If the functions E, and E, are real-valued then the vector beam has in its section
inhomogeneous linear polarization that can change the direction of the polarization
vector in each point. Then, we can formally write a scalar complex amplitude of the
form

E.(r,p) = Ei(r, @) +iEy(r, ), (5.53)

for which the formula (5.50) can be applied. In this case, the Poincaré-Hopf
polarization singularity index [97] for the vector beam (5.52) is equal to the
following expression:

2

1 .. 0
1=l [ o faeE.(r.0)ldo. (5.54)
0

The index (5.54) indicates the integer number of turns by the 2x angle, made by the
linear polarization vector in the section of the beam (5.52), when passing along a
large-radius circle with the center on the optical axis. In practice, the circle radius
should be chosen so that all polarization singularity points would be within this
circle. If the functions E, and E, in Eq. (5.52) are complex-valued then the index
(5.54) cannot be used since the complex amplitude (5.53) does not have the required
structure. In this case, the Stokes index [98] is applied. For the field (5.52), the real
components of the Stokes vector are given by:
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= |Ex‘2 -
S, = 2Re(ELE,), (5.55)
S3 = 2Im(EEy).

From the first two real Stokes components, scalar Stokes complex amplitude can be
obtained:

Se =) +iS,. (5.56)

Using the M.V. Berry’s formula (5.50) and the complex Stokes field (5.56), the
Stokes polarization singularity index for the vector fields (5.52) can be defined as

2z
1 . 0
6= lim / a—(p[argS(,(r,(p)]d(p. (5.57)

27T r—00
0

It can be shown that the Stokes index is two times greater than the Poincaré-Hopf
index.

5.3.2 Orbital Angular Momentum of Scalar and Vector
Fields

Now we return back to the scalar vortex beams that are characterized not only by the
TC (5.50), but also by the orbital angular momentum (OAM) [3]:

oo 27

JZ:Im/ /E*(r,cp)%E(r,(p)rdrd¢. (5.58)

0 0

Comparison of Egs. (5.50) and (5.58) indicates that the TC and the OAM are
different quantities, characterizing the vortex beams, since the TC (5.50) is defined
only via the phase of the light field, whereas the expression for the OAM (5.58)
contains both the phase and the amplitude. For vector light fields, similarly to
Eq. (5.58), the vector OAM can be defined up to a constant factor 1/(8nw) with ®
being the cyclic frequency of monochromatic light, as [67]:

oo 2
J= Im/ / E* (r x V)E,rdrde, (5.59)
0 0

P=Xy,2
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where r = (x, y, ) is the position vector of a point in the beam section. However, for
paraxial vector fields, the longitudinal component of the electric field strength vector
can be neglected and, thus, only the longitudinal component of the vector (5.59) is
significant. The longitudinal component of the OAM vector (5.59) for the vector
field (5.52) is given by

/OO ] [E* (r,p aaq)E (r,e) +E(r, @) aa(pE (r, ¢)]rdrd¢ (5.60)
0 0

Physically, the vector OAM (5.60) is the average azimuthal velocity of changing
phase of each of the transverse field components. For instance, for an initial vector
vortex field written as

E (r, ) = Alr) <eXp(i”(p) ) (5.61)

2 \ exp(img)
the OAM (5.61) is equal to

2n

I, = (”Z’") W = 2% /oo / A2(F)rdr. (5.62)
0 0

In Eq. (5.62), W stands for the beam power. As seen from Eq. (5.62), the OAM is
proportional to the arithmetic mean of the topological charges of the vortices in each
component of the vector field (5.61). The OAM (5.60) of a vector field with arbitrary
inhomogeneous linear polarization, when the functions E, and E|, in Eq. (5.52) are
real-valued, is zero. Thus, whereas the indices (5.54) and (5.57) allow characteriza-
tion a polarization singularity, the OAM (5.60) cannot characterize polarization
singularities of a vector field. Rather, it allows only characterization of phase
singularities of the electric field transverse components. For this reason, we should
find analogues to the OAM (5.60), capable of characterizing the polarization vorti-
ces. Now we consider several candidates to the OAM of the polarization vortices.
The vector field (5.52) can be written via the real and imaginary parts of the
components E, and E|:

E(r,¢) = (E‘(r’q’)) - (A"J”:Bx). (5.63)

Ey(r,p) Ay + By

Using these designations, the OAM (5.60) is equal to
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0 0 0 0
|:Ax—¢Bx — Bx a—(pr +Aya—¢By — By a—goA'v rdrd(p. (564)

According to Eq. (5.64), the conventional vectorial OAM, applied to a vector field
with inhomogeneous linear polarization, i.e. when the functions E, and E, in
Eq. (5.63) are real-valued, is zero.

5.3.3 Orbital Angular Momentum of an Inhomogeneous
Vector Field with Local Linear Polarization

Thus, we introduce here another OAM definition, which is different to Egs. (5.58)
and (5.64) and can characterize vector beams with inhomogeneous polarization.
From now on, we call it a polarization OAM (pOAM) and define it as follows:

Jpe =

oo 2m
Re/ / [E* r,Q) aa E (r,ga)—E;‘,(r,qa)aiEX(r,go)}rdrdgo

b 0 Y ’ (5.65)

oo 2z

0 0 0
//< —Aya—(pr—l—BX%By—Bya—q)BX)rdrdqo.
0 0

As seen from Eq. (5.65), real and imaginary parts in the integrand are separated, and
the OAM (5.65) is thus nonzero, when the functions E, and E, in Eq. (5.63) are real-
valued. We can verify it by an example. As an initial field, we consider a cylindrical
vector beam with the Jones vector

Es(r, ) = A<r>( cos () ) (5.66)

sin (ng)

Substituting Eq. (5.66) into Eq. (5.65), we get J,, . = nW, whereas applying the OAM
expression (5.64) to the field (5.66) yields zero: J,, = 0. We note that for the
cylindrical vector beam (5.66), polarization singularity index (5.54) is n, while the
Stokes index equals 2n. The index (5.54) for the field (5.66) indicates that upon
passing in the beam section along a closed contour around the optical axis, linear
polarization vectors make n full turnovers. Thus, the pOAM (5.65) describes the
average azimuthal velocity of rotation of linear polarization vectors in a section of an
inhomogeneous vector beam. We note also that the polarization OAM (5.65),
applied to a vortex beam with circular polarization
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expling) (1
Eatrg) = 4() 22 (1), (5.67
yields the same result, J,, . = nW. Thus, the polarization OAM indicates the average
azimuthal velocity of phase change of a circularly polarized vortex field (5.67), and
the average azimuthal velocity of rotation of linear polarization vectors of an
inhomogeneously polarized beam (5.66), although for linearly polarized optical
vortex the pOAM is zero.

5.3.4 Orbital Angular Momentum of a Hybrid Vector Field
with Elliptic Polarization

The pOAM definition (5.65) can be modified if instead of the real part of a complex
number, the imaginary part is taken, and if the difference of two terms is replaced by
sum. Then we obtain a new definition of the polarization OAM. For distinguishing it
from the definition (5.65), we call this OAM the hybrid polarization OAM (hOAM):

Jh,z_
oo 2r
Im// E*(r,(p)iEy(r,(p)—|—E*,(r,(p)iEx(r,(p) rdrdg
x O y Bl
0 0 (5.68)
oo 27
0 0 0 0
- / / (Axa—(pBerAya—(pr—Bx%Ay—Bya—goAx)rdrd(p.
0 0

If the field (5.66) is substituted into the hOAM (5.68) then we get zero since the
imaginary part of the integral is taken in Eq. (5.68) whereas the integrand is real-
valued as is the field (5.66). Now we consider a hybrid vector field, which combines
properties of both a cylindrical vector field (5.66) and of circularly polarized field:

Es(r, ) = A<r>( cos (1) ) (5.:69)

isin (ng)

With increasing azimuthal angle, polarization of the vector field (5.69) changes from
linear to elliptic and circular, and, further, changes again from elliptic to linear,
repeating periodically. Substituting Eq. (5.69) into Eq. (5.68), we get J,, = nW.
Thus, the hybrid OAM (5.68) indicates the azimuthal velocity of changing ellipticity
degree of light beams with inhomogeneous elliptic polarization. Comparison of the
conventional OAM for a vector field with the hybrid OAM (5.68) reveals that the
OAM (5.68) is nonzero if the components of the beam (5.63) are pure imaginary or
pure real, like those of the beam (5.69). For the conventional OAM (5.64) to be
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nonzero, it is necessary that both components of the initial field had both real and
imaginary parts. As an example, we consider a vortex beam with the topological
charge m and with nth-order cylindrical polarization:

Es(r,p) = A(r)exp(img) ( Zlons((:(f)) ) ) (5.70)

Substituting Eq. (5.70) into Eq. (5.64), we obtain that the conventional OAM of the
beam (5.70) is equal to J,,, = mW . If Eq. (5.70) is substituted into Eq. (5.65),we
derive that the polarization OAM of the beam (5.70) equals J,, , = nW. The hybrid
OAM of the beam (5.70) is zero. Similarly, we consider here a vortex beam with
hybrid polarization:

E¢(r,p) = A(r)exp(imrp)( cos (ng) ) (5.71)

isin (ng)

It is easy to prove for the beam (5.71) that J,,, = mW, J,, . = 0, J;, . = nW. We note
that all three OAMs [Eqgs. (5.60), (5.65) and (5.68)] are propagation invariant and do
not changed their value upon free space propagation of a light field.

5.3.5 Numerical Simulation

To confirm the theoretical values of the three OAM types, we made numerical
computations. As a rotationally symmetrical optical vortex (5.51), we used the
Laguerre-Gaussian beams in all calculations.

Intensity and polarization distributions of the light beams are illustrated in
Fig. 5.8. For all these patterns, we computed the vector OAM J, , (11), polarization
OAM J,; (5.65), and hybrid OAM Jj, ; (19), normalized to the beam power: 6.998,
6.998, 6.328 x 1072? [Fig. 5.8a]; 6.998, —6.998, 6.328 x 10~>* [Fig. 5.8b]; 6.998,
0, 0 [Fig. 5.8¢c]; 6.998, 6.328 x 10~*2, 6.998 [Fig. 5.8d]; 0, 2.995, 0 [Fig. 5.8¢]; 0, 0,
2.995 [Fig. 5.8f]; 6.997, 2.998, 2.225 x 10~ '® [Fig. 5.8g]; 6.997, 2.225 x 1078,
2.998 [Fig. 5.8h].

Further, we computed all three OAMs for the two-index light field (5.61). In this
case, the Laguerre-Gaussian beams cannot be chosen as the envelope functions,
since, in contrast to the Poincaré beams, the beam (5.61) is composed of beams,
whose topological charge is different not only by the sign, but also by its absolute
value. Therefore, we consider here fields (5.61) with each component being a simple
Gaussian optical vortex, i.e. A(r) = exp[—(r/w)2 with w being the waist radius.

Shown in Fig. 5.9 are the intensity and polarization distributions, as well as the
densities of the polarization and hybrid OAM for three two-index beams (5.61) with
different indices, when they both are odd [Fig. 5.9a—g], both are even [Fig. 5.9b-h],
and are of different parity [Fig. 5.9¢c—i].
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Fig. 5.8 Intensity and
polarization distributions in
the initial plane of vector
beams for the following
parameters: waist radius

wo = 1 mm, lower (radial)
index of the Laguerre-
Gaussian beam p = 2, upper
(azimuthal) index is m = 0
(e,f) and m = 7 (a—d,g,h),
order of cylindrical/hybrid
polarization (e-h) n = 3,
polarization is left circular
(a), right circular (b), linear
horizontal (c), linear by 45°
(d), cylindrical without a
vortex (e), hybrid without a
vortex (f), cylindrical with a
vortex (g), hybrid with a
vortex (h). Green color (c,d,
e,g) illustrates polarization
directions of beams with
inhomogeneous linear
polarization. Red and blue
colors (a,b.f,h) denote
respectively right and left
elliptic polarization. Dashed
ellipses (e,f) show areas
with horizontal linear
polarization

According to Eq. (5.61), if the beam orders are of the same parity, the Jones
vector on the horizontal axis x (¢ = 0, @ = =) and on the vertical axis y (¢p = +n/2)
consists of real-valued components and the field has linear polarization, directed by
the angle 45° or 135° to the horizontal axis. If orders are of different parity,
polarization on the horizontal axis is linear, but on the vertical axis it is circular. It
is confirmed in Fig. 5.9.
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Fig. 5.9 Intensity and polarization (a—c) distributions, as well as polarization OAM (d-f) and
hybrid OAM (g-i) densities of three two-index beams (5.61) with different values of the indices
n and m. For computations, the following parameters were used: waist radius of the Gaussian beam
w = 1 mm, beam order along the components E, and E\: (n, m) = (3, 5) (a), (n, m) = (4, 8) (b),
(n, m) = (3, 8) (¢). Red and blue color (a—c) denotes respectively right and left elliptic polarization.
Red and blue color (d-i) denotes areas with respectively positive and negative density of the
polarization or hybrid OAM

Computations also confirm the values of the normalized vectorial (5.60), polar-
ization (5.65) and hybrid (5.68) OAM: (n + m)/2, 0, 0. For Fig. 5.9a,d,g, the
following values were obtained: 3.999 x~ 4, 1.647 x 107" ~ 0, —3.029 % 1072 ~0.
For Fig. 5.9b,e,h, the computed values are 5.997 ~ 6, —1.221 x 1071~ 0, —0.231.
For Fig. 5.9¢,f,i, we obtained 5.497 ~ 5.5,3.752 x 1077 ~ 0,7.228 x 107" ~ 0.

5.3.6 Experiment

In this experiment, whose schematic setup is depicted in Fig. 5.10, a cylindrical
vector beam (5.66) with n = 2 was also generated by using a vector wave plate VWP
(Thorlabs WPV10-633) and by a Gaussian laser beam with the wavelength of
633 nm. Cylindrical vector beam sequentially passed through a quarter-wave plate
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7

P, vwp a4 P, cL CMOS

Fig. 5.10 Schematic experimental setup: Laser—laser with the wavelength of 633 nm, M, and
M,—mirrors, PH, D—pinhole and a diaphragm for filtering the noise in the beam, L;—spherical
lens, P;—polarizer, VWP—q-plate (q = 1), MM4—quarter-wave plate, P,—polarizer inclined by the
angle of 45°, CL—cylindrical lens, CMOS—CCD-camera

1 mm

Fig. 5.11 Image of the phase vortex (a), and intensity distribution in the focus of the cylindrical
lens (b)

and a polarizer P,, oriented by an angle of 45° with respect to the quarter-wave plate.
After such sequential passing through the wave plate and the polarizer, vector beam
was converted into an optical vortex. An image of the generated vortex is given in
Fig. 5.11a. For determining the vortex topological charge, generated beam passed
through a cylindrical lens CL. Intensity distribution in the lens focus is illustrated in
Fig. 5.11b. As seen in Fig. 5.11b, intensity in the center of the focal plane contains a
light spot with three maxima and two minima.

Therefore, according to [100], the TC of the vortex in Fig. 5.11a equals two, and
the pPOAM of the beam from Fig. 5.11b is thus also equal to two: J,, /W=n=2.Ina
general case, for measuring the OAMs (5.60), (5.65) and (5.68), separate field
components E, and E) should be obtained by polarizers. Then, using a reference
beam, two interferograms should be generated and registered, from which ampli-
tudes and phases of the fields E, and E, should be obtained. Further, the OAMs
should be calculated by Egs. (5.60), (5.65) and (5.68).
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In this section, similarly to the well-known vector OAM, characterizing azi-
muthal phase change of the transverse components of the electric vector, we have
considered a polarization OAM, characterizing azimuthal change of direction of the
instant linear polarization vector, and a hybrid OAM, which also indicates azimuthal
change of ellipticity degree of the polarization ellipse in a section of hybrid vector
field. Values of these OAMs have been obtained for several examples of vector
fields. For instance, conventional and polarization OAM are equal to each other for a
circularly polarized optical vortex. Conventional and hybrid OAM are nonzero for
an optical vortex with hybrid polarization. Vector and hybrid OAM are extrinsic
OAMs and they are not quantities defined for single photons in a light beam. Instead,
they describe the whole beam and characterize mass transport of molecules of a
polarization-sensitive matter. Two ways have been proposed for experimental mea-
suring the polarization OAM of a vector beam. The experimental results are consis-
tent with the theory [101].
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Chapter 6 )
Features of Vector Beams in Sharp Focus e

6.1 Helicity Density of Higher-Order Poincaré Beams
in Tight Focus

Currently, researchers all over the world are actively studying beams with
non-uniform cross-sectional polarization, i.e., polarization-inhomogeneous beams.
These beams include a wide class of beams: cylindrical vector beams [1], beams with
hybrid polarization [2, 3], beams with multiple singularity centers [4, 5], etc. The
reason for this interest is in numerous applications, for example in optical commu-
nications [6, 7], micromanipulations [8, 9], or material processing [10]. Poincaré
beams [11, 12] are polarization-inhomogeneous beams with radial symmetry. Spe-
cial cases of Poincaré beams are beams with radial and azimuthal polarizations [1],
and optical vortices (Gauss-Laguerre modes) with circular polarization [13, 14]. In
[13], the focusing of Poincaré beams was investigated theoretically and numerically
using the Richards-Wolf formalism. It was shown that Poincaré beams demonstrate a
set of unique phenomena at the focus, such as the reverse energy flow [15, 16] and
spin-orbit conversion [17]. For some special cases of Poincaré beams, polarization
Mobius strips can be observed at the focus [18]. Poincaré beams can be generated
interferometrically [14], using a spatial light modulator [19, 20] or
metasurfaces [21].

Another actively studied beam characteristic is chirality [22], which has recently
also attracted the attention of researchers. Chirality coincides with helicity [23], it
differs in multiplier and sign. Chirality of Poincaré beams was previously investi-
gated by M. Babiker et al. in [23]. In particular, it was shown [23] that chirality on
the optical axis is observed for beam of orders n = 0 and n = 1, moreover, forn = 1
it is maximal. M. Babiker et al. called this effect superchirality. Later K. Forbes
criticized the effect of superchirality, pointing out the parameters in [24] are
non-physical. In the ensuing discussion [25] M. Babiker et al. responded to
K. Forbes’ criticism points.
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In this section, the helicity density of higher-order Poincaré beams was investi-
gated using Richards-Wolf formalism under tight focusing conditions. It was shown
that the helicity density for higher-order Poincaré beams always has radial symmetry
and does not depend on the azimuthal angle of the beam section. The absolute value
of helicity density is maximum when the polar angle of the beam is zero or = (this
case corresponds to optical vortex with circular polarization), and it is absent when
the polar angle is n/2 (this case corresponds to cylindrical vector beam). Non-zero
values of helicity density on the optical axis are observed for beam orders 0, 1, and
2. If the polar angle of the beam is zero, the intensity of higher-order Poincaré beams
coincides with the helicity density up to a factor. It was theoretically and numerically
shown that for ideal case (the numerical aperture tends to unity, the lens is limited by
a thin annular aperture) helicity density for the beam of order n = 1 is larger on the
optical axis, then for the beams of order n = 0 or n = 2; however, for standard
aplanatic microobjectives (NA = 0.95) helicity density on the optical axis is larger
for the beam of order n = 0. All results obtained for helicity could be adapted to
chirality. In contrast to the papers [23-25], the use of the Richards-Wolf formalism
allows us to calculate all six components of the electric and magnetic fields at the
focus and takes into account vector effects, which especially have place in focal
spots of lenses with large numerical apertures. Only taking into account vector
effects in focus allows us to observe the case when the helicity density for the
beam of order n = 1 is larger on the optical axis, then for the beams of order n = 0 or
n=2.

6.1.1 Theoretical Background

The investigated higher-order Poincaré beams have the form [11, 12]:

_ A(a) ae—inq) + bein(/)
EP(a» (ﬂ) - % (iaeinq) . ibeimp (61)

where a = cos(0/2)e™"%, b = sin(0/2)e™"%;  and  polar and azimuthal angles that
define the position of polarization on the generalized Poincaré sphere (Fig. 6.1a), ¢ is
azimuthal angle in the plane perpendicular to the optical axis (Fig. 6.1b). A(r) is the
amplitude of the initial field, depending only on the polar angle a (Fig. 6.1b). In
general, a and b satisfy the following conditions [26]:

a*b — b*a = isin(0) sin(y)
b* — a* = cos(8) (6.2)
a@+b =1

In this section we used the Richards-Wolf formalism [27, 28]:
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where U(p, v, 7) is electric or magnetic field in the area of focal point, B (a, ¢) is
electric or magnetic incident field (a is the polar angle, ¢ is the azimuthal angle).
T (o) is lens’ apodization function, fis the focal length, k = 2x/A is the wavenumber,
A is the wavelength, o, is the maximum polar angle determined by the numerical
aperture of the lens (NA = sin o,,). Figure 6.1b schematically shows the high
numerical aperture lens. P (o, ¢) is the polarization vector, for the electric and

magnetic fields:
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sin?¢ + cos?pcosa  singcosg(cosa—1) cosgsina

P(a,¢) = | singpcosp(cosa— 1)  cos?p + sinpcosa  singsina
—sinacos ¢ — sinasin ¢ cosa
Ux, in
X Uy’ in
UZ, in
(6.4)
where U, ;,,, U, ;,, and U_;, are the x-, y- and z-components of the incident field. In our

investigation the transverse components of the incident beam follow from Eq. (6.1),
the longitudinal component of the incident field in the initial plane was assumed to
be zero E,;, = 0.

In [13], using the Richards-Wolf formalism, it was obtained formulas for calcu-
lating all components of the electric and magnetic field at the focus of the
Poincaré beam:

n—1

l . . . .
E, = [(bem(p =+ ae—qu)IOn + (bez(n—Z)q; + ae—z(n—2)q;>12 n—2j| ,
\/z \ )
" —in in —i(n—2) i(n—2)
E, = 7 [(ae % — be (”)10,,, — (ae ? — be “’)Iz,n,z},
E.=\2i" (be n1e 4 ge~i= W) La—1>
1 (be ") (n-2) i(n-2) ©3)
H,=—|(be"™ —ae ™)1y, + (be’ " e\ "’)12 ,1,2},
o] | |
l-n—l . . . .
Hy _ |:(bemq; + ae*lmp)l()n . (bet(n72)(p + ae*t(n72)(p)12 n72i| ,
\/Z , :
H, = V2t (be“”‘”w - ae‘“"")"’)ll,n,l.
where

_ 4ﬂf s vl (X 3y (@
Il/,ﬂ - (T) / Sin (z) COos (i) X (66)
xA(a)e™ 5], (x)da,

where J,(x) is Bessel function of order p, x = krsin0, A(e) is radially symmetric real
function of beam amplitude (6.1).

We will further consider the distribution of the components of the electric and
magnetic fields at the focus at z = 0, for this case the integral (6.6) takes real values.
The helicity density at the focus will be calculated using the formula [29]:
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=L m(E" - H) (6.7)

It should be noted that helicity could be calculated by integral of the helicity density
(6.7) over the x-y plane [26]. Helicity density (6.7) differs from chirality density only
by a multiplier for monochromatic beams [30]. Below we will investigate helicity
density. We omit the multiplier standing in front of the imaginary part in expression
(6.7), but we will take into account the sign. Substituting Egs. (6.5) into (6.7), we
obtain the following expression for the helicity density of Poincaré beams in the
focal plane (z = 0):

n=cosO(l, + 1, ,+2I7, ) (6.8)

From Eq. (6.8) it follows that, first, the shape of helicity density in transverse (focal)
plane always has radial (axial) symmetry—it does not depend from azimuthal angle
¢ (Fig. 6.1b). Second, helicity density depends on the polar angle 6 of the Poincaré
beam (6.1); however, it does not depend on the azimuthal angle y of the beam
(Fig. 6.1a). This fact was previously pointed out by M. Babiker et al. [23, 26] in
scalar approximation. Third, the helicity density is maximum at 6 = 0 and is
minimum when 6 = z. This fact was also previously pointed out by M. Babiker
et al. [23, 26] in scalar approximation. In this paper we confirm it in vectorial
approximation. It should be noted that angle 6 = 0 corresponds to optical vortex
with a topological charge —n and right-hand circular polarization (x + iy)N2.
L.e. maximal helicity density corresponds to not Poincaré beam, but to simple scalar
beam, which pointed out K. Forbes in the discussion [23-25]. Moreover, this
maximum helicity for circularly polarized vortex beams was demonstrated by
K. Forbes and G. Jones in [31, 32]. Fourth, helicity density is absent at 0 = x/2
(this angle, in particular, corresponds to radial and azimuthal polarizations [1], as
well as high-order inhomogeneous cylindrical polarization [33]). This conclusion is
confirmed by the results of work [34]. Fifth, for beam orders n = 0, 1 and 2, non-zero
helicity density values on the optical axis will be observed (the second index in
integral (6.6) corresponds to the order of the Bessel function under the integral).

By integrating over the beam cross section, the helicity density can be obtained at
the beam focus (6.1):
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oo 27

1= cosf / / (Ig + Bpyn + 215, )rdrde =
0o 0

cos O(Wo + Wy +2W;) = Wcos0,

[o.¢]

Wy =2x /lgyn(r)rdr,
0 (6.9)

oo

W, =2n /Ig’nfz(r)rdr,

0
(o)

W, =2z /Iinfl(r)rdr.
0

In (6.9) Wis the total power of the beam (6.1). Equation (6.9) is obtained on the basis
of the following integral:

(6.10)

= 4nf? / sin® 1 (g) cos® (%) |A(a)|*da.

0

In work [13] an expression for calculating the intensity of Poincaré beams was
found, which had the form:

2

I(r,¢) = |Ei|* + |E,|" + |E.|* =

=1, + 15, 0+ 205, 1+ (6.11)
+2sin@cos(2(n — )¢ + w) (loplan-2 + 215, ).

From (6.11) it follows that in the general case the intensity has central symmetry, and
atn = 1 or 0 = 0—also axial symmetry. From the comparison of (6.8) and (6.11) itis
evident that at 6 = 0 the intensity of Poincaré beams coincides with the helicity
density up to a factor. By integrating the intensity at the focus over the beam cross-
section, we obtain the total beam power (6.1):
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2z

W:/ /I(r,(p)rdrd(p:
0o 0

2n
/ (I%,n + I%,n72 + 2]%!n71)l’drd(p+
0

(6.12)

T

oo 2
+2sin9/ cos(2(n — 1) + w)x
0 0

(10’,,,12,,,_2 + ZIinil)rdrd(p =
Wo + Wy +2W;.

In (6.12) the last integral is zero, since the integration of a periodic function over the
angle @ over its period is equal to zero. Comparing (6.9) and (6.12) it is evident that
the helicity of beam (6.1) at the focus 1 is equal to the beam power W multiplied by
cosb.

As already noted, non-zero values of the on-axis helicity density are observed for
beam orders n = 0, 1 and 2. In the discussion by M. Babiker [23, 25] and K. Forbes
[24], special attention was paid to the case when the on-axis chirality for a beam of
order n = 1 is greater than for a beam of order n = 0.

Let us assume that we are considering the focusing of a Poincaré beam (6.1) by a
wide-aperture lens in front of which an annular diaphragm is placed, then the input
beam will have the form

Ala) = 8(ao) (6.13)
We will also assume that the numerical aperture of the lens tends to unity:

NA = 1oy — 2

5 (6.14)

This situation is physically unrealizable in full; however, it can be approached using
flat diffractive lenses [35] or metalenses [36] limited by annular diaphragms. Then
the integral (6.6) can be transformed to the form

— (4 gipe+! (z) 3 (E)
1, = < A )sm 7)cos (3 Ju(kr) (6.15)
Then helicity density will be written as
n = C(J2(kr) + Ty (kr) + 207 (kr)), (6.16)

n—1

where
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Then helicity density (6.16) for beam orders n = 0 and n = 2 will take the form
n = C(J3(kr) + Jg(kr) + 2J7 (kr)) (6.18)
For the beam of order n = 1 the Eq. (6.16) is equal to:
n = 2C(J5(kr) + J; (kr)) (6.19)

Only the zeroth order of the Bessel function in (6.18) and (6.19) is non-zero on the
optical axis (r = 0), i.e. only one term with Jy(0) remains in (6.18) and (6.19), and in
(6.19) it is twice larger then in (6.18). Thus, in this specific case, when the lens is
limited by an annular aperture, and the aperture angle tends to n/2 for beam order
n = 1, the helicity density as well as chirality on the axis can be maximal—twice the
helicity density for the beams of orders n = 0 and n = 2. Figure 6.2 shows the
helicity density distribution at the focus for this case (6.13), (6.14) (A = 0.633 pm).

6.1.2 Numerical Simulation

Below are shown the results of numerical simulation of the tight focusing of the
Poincaré beam (1) with the wavelength A = 633 nm and the flat wave front by the
aplanatic objective with the numerical aperture NA = 0.95 (this numerical aperture
corresponds to the commercially available objectives). For some particular cases of
the beam, the helicity density distribution is shown in the figures below. In partic-
ular, Fig. 6.3 shows the result of focusing the Poincaré beam with the parameters
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n =0,y =0,0 = 0. In this case, the intensity coincides with the helicity density.
Figure 6.4 shows the intensity distribution when focusing the beam with the param-
eters n = 0, y = 0, 0 = n/2; helicity density is absent with these parameters.
Figure 6.5 shows the result of focusing the beam (1) for n = 0, y = n/4, 6 = n/4.
The intensity and helicity density with these parameters do not coincide. Helicity
density has a radially symmetrical shape, while the intensity has the elliptical shape.
In this case, the presence of the factor cos(2(n-1)¢ + W) in formula (6.11) is
responsible for the elliptical shape and rotation of the spot. Figures 6.7 show the
effect of the topological charge of the beam vortex n on the helicity density.

From Fig. 6.7 it follows that the helicity density has non-zero values on the axis if
the beam order 7 is equal to zero, one, or two, and it is equal to zero for other orders.
This simulation is in agreement with Eq. (6.8). From Fig. 6.3, 6.6, 6.7 it also follows
that when using standard wide-aperture objectives (NA = 0.95) the helicity density
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Fig. 6.8 Distribution of helicity density (a,b) and its cross-sections (¢) when focusing Poincaré
beams (y = 0, & = 0) of orders n = 0 (a) and n = 1 (b) by diffractive lens (NA = 0.99), limited by
an annular aperture o,;, = 0.9 x arcsin(NA)

on the axis is maximum for the zeroth beam order is larger for the beam of order
n = 1. From Fig. 6.7 it follows that further increase of n leads to widening of the ring
(for example, at n = 12 the radius of the ring in the simulation was equal to 1.6 pm or
2.5\, at n = 20 it equal to was 2.4 pm or 3.8)). The analytical equation (6.8) is valid
for any n, however, it should be noted that Richards-Wolf integrals are intended for
calculating the light field in the vicinity of tight focus and with increasing distance to
the focus their accuracy decreases, therefore, calculation of higher modes with ring
radii large enough, may carry potential errors. Moreover, the experimental focusing
of vortices with large n to the small area is challenging [37, 38]. Taking the effects of
large n into account is beyond the scope of this article.

Now let consider tight focusing by a diffractive lens with a numerical aperture of
NA = 099, limited by an annular aperture with a minimum angle of
Omin = 0.9 x arcsin(NA). Figure 6.8 shows helicity density distribution for the
beams of orders n =0 and n = 1 (y = 0, 8 = 0). Figure 6.8 shows that in this very
specific case helicity density on the optical axis for the beam of order n = 1 is larger
than helicity density for the beam of order n = 0.
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In this section, the helicity in tightly focused higher-order Poincaré beams was
investigated theoretically and numerically using the Richards-Wolf formalism
[41]. It was shown that the helicity density for higher-order Poincaré beams always
has radial symmetry. The helicity density is maximum at 6 = O (optical vortex with
circular polarization) and is absent at 6 = /2 (cylindrical vector beam). Non-zero
values of helicity density on the optical axis are observed for beam orders n = 0,
1, and 2. At 8 = 0, the intensity of higher-order Poincaré beams coincides with the
helicity density up to a factor. It was theoretically and numerically shown that for
ideal case (the numerical aperture tends to unity, the lens is limited by a thin annular
aperture) helicity density for the beam of order n = 1 is larger on the optical axis,
then for the beams of order n = 0 or n = 2; however, for standard aplanatic
microobjectives (NA = 0.95) helicity density on the optical axis is larger for the
beam of order n = 0. Our results are consistent with the results previously obtained
by M. Babiker et al. in [26]; however, in our research it was taken into account the
vectorial effects which have place in the focus of a lens with high numerical aperture.
All results obtained for helicity could be adapted to chirality. In the future investi-
gations the results of this paper could be generalized to the case of hybrid-order
Poincaré beams [39, 40].

6.2 Skyrmion Based on Poincaré Beams

In optics, recent years have seen the arrival of new publications dealing with a new
object of study, namely, skyrmions, or optical quasiparticles. Such vector fields are
called quasiparticles because they abruptly decay with increasing distance from their
center. In microparticle physics, the skyrmions have been known since 1961 [42],
being named after T.H.R. Skyrme who was the first to propose them. An optical
skyrmion is constructed as follows. First, the original 2D Jones vector is chosen for a
vector field of Poincare-beam type. Next, the normalized Stokes vector is calculated,
forming a basis for constructing a 3D skyrmion field [43-46]. The polarization
pattern over the skyrmion cross-section can be either Neel type or Bloch type
(vortical distribution of the polarization vector) [47]. Unlike other vector fields
with V-point, C-point (or other) polarization singularities, which serve as centers
of topological charge distributions shaping lemon-, star-, monster-type and other
patterns, the skyrmion vector field has just positive Cartesian projections, with no
negative projections. We note that the vector at the skyrmion center and peripheral
vectors are mutually orthogonal. While at the center the vector is directed along the
optical axis, on the periphery the skyrmion vectors are found in the orthogonal plane.

However, all skyrmion types share a common topo-logical characteristic similar
to the topological charge (winding number), or the polarization singularity index of
any vector field, and called the skyrmion number [47-49]. The skyrmion number
shows how many circles the polarization state makes on the Poincare sphere on a full
circle at the beam cross-section. Just like the topological charge, the skyrmion
number conserves upon the paraxial beam propagation. For Poincare beams built
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as superposition of two Laguerre-Gaussian beams it has been shown [49] that the
skyrmion number is given by the difference of two topological charges of the
constituent beams in the Poincare beam. So far, no general proof of the conservation
of the skyrmion number upon propagation has been offered. An alternative definition
of the skyrmion number uses Stokes components [50] and is based on a contour
integral over a closed path with respect to the gradient of phase of a complex Stokes
field. This definition is not constructive.

In this section, by retrofitting the skyrmion number definition from Ref. [50], we
propose a novel constructive expression for the skyrmion number based on an
integral taken over an infinite-radius axis-centered circle with respect to the deriv-
ative of the complex Stokes field phase relative to the azimuthal angle. By
retrofitting we mean that the familiar formula for calculating the skyrmion number
is simplified, allowing the skyrmion number to be derived in an analytical form from
an analytical relationship. Besides, the relationship for calculating the skyrmion
number in [50] reveals that the skyrmion number depends on the radial variable.
In the retrofitted formula proposed herein, the skyrmion number is an integer which
is independent of the radial variable and conserves upon free-space propagation of
the skyrmion.

In this work, using two source vector fields in the form of Poincare beams as an
example, we show that the familiar definition of the skyrmion number [47, 48] and
the new one lead to the same result. Besides, the partial skyrmion numbers calculated
based on each projection of the skyrmion vector field are shown to be equal to each
other and to a third of the full integer skyrmion number. It is numerically shown that
upon paraxial propagation, both partial skyrmion numbers and the full skyrmion
number are preserved. It is worth noting that one of two examples of the Poincare
beams analyzed herein is not built as superposition of Laguerre-Gaussian beams.

6.2.1 Theoretical Background

For a source 2D vector light field whose Jones vector is given by

(52)

where the complex functions E.(r, ¢) and E,(r, ¢) describe amplitudes of the
transverse electric field projections in the polar coordinates (r, @), a 3D vector
field composed of three normalized Stokes components can be constructed in
the form:
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(6.21)

Just as an optical vortex with complex amplitude E(r, ¢) is described by its
topological charge [51].

m [ darg(E(r.p))
1C=Jim oy | g,

0

o, (6.22)

(where lim means that we take a limit of the function by tending r to infinity, Im is
the imaginary part of the number), so is skyrmion (6.21) described by a skyrmion

number:
4][// <§x§)dd ——//dedy,

where ¢ is a 2D integration domain and x denotes the cross product. A skyrmion
beam [47-49] is a 3D topological vector field X = (Z,, Z,, Z,) related with the Stokes
vector § = (S,, S}, S;), which, in turn, is related with the 2D field E in Eq. (6.20).
Using the integrands in (6.23), projections of the skyrmion vector field X may be
expressed by

(6.23)

o (08,08, 08,08,

5w s )
(08,08, 25,05,

5, =5, <ax 5 o ay) (6.24)
_ o [0S.0S, 08,08,

ZZ_SZ(@x oy Ox ay>'

It can be shown [50] that the skyrmion field in (6.24) is transverse, i.e. the field

divergence is zero:

V.-Z=0.

(6.25)
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Within this framework, equality (6.25) is not possible to prove analytically because
this requires the knowledge of the derivative of field (6.20) by the longitudinal
coordinate z. Using a divergence theorem, we find that the skyrmion field flux
through any closed surface Il equals zero:

f 2dIT = 0. (6.26)

From (6.26) it follows that as skyrmion (6.24) is paraxially propagating in free space,
skyrmion number (6.23) is preserved for any projection individually:

//Zi(X,y, z)dxdy = //Zi(x,y, 0)dxdy, i=x,y,z. (6.27)

Among other things, this conclusion is based on the fact that in (6.24), projections of
the skyrmion vector field can vary cyclically. Because of this, the full skyrmion
number NS is also preserved:

NS = % // > @ra+ Y (k)

+) (%, Z)]dxdy
_ % // {Zx(x, v,0) + Zy(x, ¥,0)

+Zz (x, v, O)} dxdy.

(6.28)

6.2.2 Skyrmion Field in the Source Plane for a Generalized
Poincare Beam

For the skyrmion field to be constructed based on source field (6.20), some condi-
tions need to be satisfied. Actually, three Stokes vector projections in (6.21) can be
constructed for any source field (6.20). But not any Stokes vector (6.21) is suited for
constructing skyrmion field (6.24). Putting it more exactly, although an arbitrary
skyrmion field can be expressed via the Stokes vector but the skyrmion number
derived so will be zero. To clarify this assertion we will change from the Cartesian
derivatives in (6.24) to the polar derivatives, which yields:
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As seen from (6.29), all projections of source field (6.20), which is independent of
the radial variable, are zero because all derivatives by the radial variable are zero.
Besides, if source field (6.20) is composed of real functions, then S, in Eq. (6.21) is
zero, as are its derivatives by ¢ in (6.29). Therefore, the entire skyrmion field in
(6.29) equals zero. Hence, we infer that to obtain non-zero projections (6.29) of the
skyrmion field, source field (6.20) needs to (i) depend on both polar coordinates,
(ii) have a unit absolute value and (iii) be complex, while Stokes vector (2) has to
have all non-zero projections with at least one projection being independent of the
azimuthal angle.

It appears that satisfying the above-said conditions is a source Poincare beam
vector field [52, 53], written in a special form:

1 fe—i(’1(/7+¢o> + retine+eo)
RV f*
1

fe—i(mﬂ-Hﬂo) ! +re+i("¢’+¢o) ! ,
Ny ,- .

where fis the focal length of a spherical lens and @ is a constant phase. Using (6.21),
Stokes vector projections of source field (6.30) are expressed in the form:

l"f‘g—l(l’l(/l"’(ﬂ()) — jreTilno+e)

(6.30)

2
o= _:_ffZ cos(2ng + 2¢,),
uf
S, = m sin(2ng + 2¢,), (6.31)
2o
R

The longitudinal Stokes vector projection in (6.31) shows that field (6.30) has right
handed elliptical polarization (S, > 0) at r < f, left handed elliptical polarization
(S, < 0) at r > f, and linear polarization (S, = 0) at r = f. On the optical axis (r = 0),
there occurs a C-point, i. e. right handed circular polarization (S, = 1). The sum of
squares of the transverse Stokes vector projections is independent of the azimuthal
angle ¢ and equals
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(6.32)

From (6.32), it is seen that when making an axis-centered arbitrary circle of radius
r in the cross-section, the transverse Stokes vector projection is ¢-independent but
varies with radius r, increasing from zero at » = 0 to its maximum at r = f, before
starting to decay to zero at infinity.

Substituting (6.31) into (6.29) yields projections of the skyrmion field for source
field (6.30):

32nr?
= 7( ; +ff;;4 cos2(2n(p +2¢),
r

32nr2j4 .
5, = m sin®(2n¢ + 2¢,), (6.33)
(P )

Summing up the transverse skyrmion field projections in (6.33) yields:

32nr3f*
Dt = R (6.34)

Thus, we have derived a function independent of the azimuthal angle ¢. That is,
when making an axis-centered, arbitrary-radius circle in the cross-section of beam
(6.30), the sum of the transverse projections (6.33) conserves, although the modulus
of the transverse skyrmion vector field in (6.33) does not conserve. As r tends to
infinity, all skyrmion projections quickly tend to zero as r—* and r~°. Interestingly,
all skyrmion projections in (6.33) are positive definite functions and have the same
average value over the beam cross-section:

/

2r 2z

Zxr(prdrd(p:/ /Zyr(prdrdq)
0 0

Ny (6.35)

/Z rq)rdrdga—g
0

/
-/

Hence, for generalized Poincare beam (6.30), skyrmion number (6.23) equals
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oo 27

NS = % / / (Z +3 4 Zz)rdrd(p —on. (6.36)

0o o0

From (6.36), it is seen that the skyrmion number is twice as large as topological
charge n of an optical beam comprising a Poincare beam. In this case, the skyrmion
number is seen to coincide with the Stokes index of the beam polarization singular-
ity, which is twice as large as the Poincare-Hopf polarization index and equals n for
the Poincare beam [53].

An alternative formula for calculating the skyrmion number was given in Ref.
[50], although with no proof:

NS=—-L fszvqm,
4r (6.37)

& = arg(S, + iS,).

In (6.37), the skyrmion number is calculated as an integral along a closed contour of
the product of the third Stokes vector projection by the gradient of argument of the
complex transverse Stokes field @. To describe the skyrmion topology in a proper
way, an arbitrary integration contour in (6.37) should be replaced by a circle, the
gradient of @ by the derivative by the azimuthal angle ¢, while also tending the
circle radius to infinity so that all singularity points of vector field (6.31) are
included. Then, instead of Eq. (6.37), the skyrmion number will be given by

2z

. Im S, 0 .
NS = — lim " / ST, 3 (5 iS)do. (6.38)

0

Note that in (6.37) the integral is divided by 4=, and in (6.38) the integral is divided
by 2x. In (6.38), the circle lies in a plane transverse to the optical axis, therefore it is
necessary to divide by the length of the circle of unit radius, and not by the area of
the sphere of unit radius. When compared with (6.37), expression (6.38) for the
skyrmion number is more constructive in many respects, being similar to the Berry
formula [50] for calculating the topological charge of scalar optical vortices and to
how the Poincare-Hopf index of vector light fields with polarization singularity
points is calculated [54]. Using the Stokes field in (6.31), skyrmion number (6.30)
calculated by the use of Eq. (6.38) is given by
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(6.39)

A comparison of the number of skyrmion (6.33) derived using Eq. (6.36) with that
derived from new formula (6.38) proposed above shows that the two numbers
coincide and equal 2n. Hence, the skyrmion number can be calculated using just
two first Stokes vector components, S, and S, (6.21). The third normalized Stokes
vector component, S, in (6.38) equals +1 or —1 at infinity. For these components to
be measured, one needs to measure four intensity distributions at different angles of
inclination of the polarizer axis to the Cartesian axis x: 0°, 90°, 45° and —45°. In this
case, the Stokes vector components will be expressed via these intensity as follows:
Sy =1y — loo, Sy = I4s — I_4s. In the next step, the skyrmion number NS can be
calculated using (6.38). We note that in Ref. [55], Stokes vector components were
measured experimentally for different skyrmion types. However, owing to the
complexity of Eq. (6.23), the numbers of the generated skyrmions were not calcu-
lated in Ref. [55]. Had the formula (6.38) been known to the authors of Ref. [55], the
measurement of the skyrmion number could be rendered easier.

6.2.3 Skyrmion Field for Superposition of Two Optical
Vortices with Orthogonal Linear Polarizations

Another example of a skyrmion field in the source plane we study below is
analogous to Poincare beam (6.11), but instead of circularly polarized beams
comprise two mutually orthogonal linear polarizations. We also assume the optical
vortices to have different topological charges and intensity described by a power
function similar to the single-ring Laguerre-Gaussian beams. Then, in the source
plane, the Jones vector of such a beam takes the form:

| el (nete)
E=—f07—=
V2 p2m \pm gi(motgo)

1 rnei(nq)Jrqoo) 1 + rmei(;n¢+(/l0) 0 ,
0 1

y2n + y2m
where n and m are positive integer numbers that define topological charges of the
optical vortices. By analogy with Eq. (6.31), projections of the Stokes vector
normalized to intensity for field (6.40) are given by

(6.40)
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r2n _ r2m
S, = . cos((m — n)g) (6.41)
YT g pam @)
2

= r2n + y2m Sin((m - n)(p)

Stokes field (6.41) is identical in form to the magnetization vector projections
discussed in Ref. [43]. From a comparison of Egs. (6.31) and (6.41), both skyrmions
are seen to be structurally similar, with one Stokes vector projection being
azimuthal-angle independent and two other Stokes vector projections depending
on sin @ and cos 6, where @ is linearly dependent on the azimuthal angle ¢.
Therefore, the sum of the two projections squared is independent of the azimuthal
angle, as is the third Stokes vector projection. The difference is that in this case, the
longitudinal and transverse projections need to be added:

2(n+m

$+$:—ﬁiii. (6.42)
(r2n + r2m)

Unlike field (6.30), which changes handedness with changing radius, the elliptic
polarization of field (6.40) changes handedness with changing angle: at sin
(m — n)p > 0, the field has right-handed elliptic polarization (S, > 0) and at sin
(m — n)e < 0, the field has left-handed elliptic polarization (S, < 0). At angles that
satisfy the condition sin(m — n)p = 0, the field is linearly polarized (S, = 0).
Considering that at n > m, there holds an inequality 7" + " > 2/* * ™, nowhere
across field (6.37) circular polarization (S, = *1) is found.

Next, in a similar way to (6.33), projections of the vector skyrmion field for
source vector field (6.40) can be derived in the form:

r2m)2r2(n+m7 1)

4(m — n)z(rz" -
Zx = (an + r2m)4 ’

16(m —n 2r2(2n+2m71)
Zy _ 16( Zn) 3 cos>(m — n), (6.43)
(7 o)
Z _ 16(7’)’1 _ n)2r2(2n+2m—1) SinZ(m B n)
z

(an + r2m )4

From a comparison of (6.33) and (6.43), both skyrmion fields are seen to be
structurally similar, with one skyrmion vector projection being independent of the
azimuthal angle and the other two depending on the azimuthal angle in such a way
that the sum thereof is azimutal angle-independent. Similar to field (6.33), skyrmion
field (6.43) is positively defined, dying out to zero as r 2" =™ * D and p 4" =™ ~ 2,
with the radial variable tending to infinity. The only difference is that for skyrmion
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(6.34), the rate of tending to zero is independent of topological charge n, depending
on the difference n — m (n > m) for skyrmion (6.43). On the optical axis (r = 0), the
amplitude of skyrmion (6.43) equals zero, unlike skyrmion (6.34), which has the
on-axis amplitude (- = 0) = 8nf 2. Along the different axes, the skyrmion
numbers can be shown to be the same and equal to (n — m)/3:

Hence, full skyrmion number (6.23) of superposition (6.40) of two Laguerre-
Gaussian beams with mutually orthogonal linear polarizations and topological
charges n and m is described by the expression

o 2

NS = % / / (ZX + Zy + Zz> rdrdgp = n — m. (6.45)

0o 0

Because all skyrmion projections have the same number, Eq. (6.44), it can be
asserted that permutations of the skyrmion coordinates produce the same skyrmion.
We note that at m = —n, the number of skyrmion (6.43) is identical to the number of
skyrmion (6.33) and equals NS = 2n. Hence, the two skyrmions are topologically
identical.

To calculate the number of skyrmion (6.41) based on Eq. (6.38) the following
replacements need to be implemented: S, by S, S, by S, and S, by S,:

2rn+m
S, = e cos((m — n)@),
g 2,.n+m . (6 45)
YT Q2 pom sin((m — n)g), :
r2n _ r2m
SZ = 2m *
rt+r

Substituting (6.46) into (6.38) yields (at n > m):
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Im p2n — p2m
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The numbers of skyrmions (6.43) calculated using relationships (6.45) and (6.38) are
seen to coincide.

6.2.4 Spin Angular Momentum at the Tight Focus of a
Poincare Beam

Projections of the E-vector at the tight focus of beam (6.30) can be derived based on
a Richard-Wolf formalism [56] in the form (¢y = 0):

Ex _ l-nflefin(p(I(l) + ei2z/)l(1)7 )

n 1 ln(/l( +e—12(/} 2),
e (1) - el ) (6.48)
f 1 lmp( [ —lZzp] 2) )
n 9
n— ( ) i(n— (2)
__2,< =Dl git=t)e Iln—l)'

Entering (6.48) are functions that depend on the radial variable r:

(12) _ 1[0 3w (0 12
1,7 = Zkf/ sin <2> cos <2) cos /%(0)
0

xA;2(0)e* %0, (krsin 0)d6,

f (6.49)
Al(G) = ﬁ = COSH,
A (0) = ———— = siné,

where k = 2n/) is the wave number of monochromatic light of wavelength A, f'is the
focal length of a focusing lens, « is the maximum angle of inclination of rays to the
optical axis, which defines the numerical aperture of the aplanatic lens, NA = sin a,
Ju(€) is the Bessel function of the first kind and p-th order. The functions A; ,(0) are
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real and define the radial symmetry of the source field amplitude which depends on
the tilt angle O of a ray outgoing from a point on the original spherical wavefront and
converging to the focal plane center.

Now, using Eq. (6.48), let us find the longitudinal projection of the spin angular
momentum (SAM) [57]:

1 *
SP = ¢ Im(E* x E). (6.50)

We obtain:

1

N

1

SP, = —2sin2¢p (1 ol g,n72 +1 (()?rzl 22,272>

~2sin2ng (15,15 (6.51)

+2sin(2n — 4)(P(1§}272[§272) :

It has been shown [58] that near the optical axis, the integrals with zero first index
provide a much higher contribution to the light field than the rest integrals. With this
in mind and because a theoretical analysis of Eq. (6.51) is challenging, a simpler
approximate relationship for the longitudinal SAM component at the focus of field
(6.30) can be analyzed:

SP. ~ ~2sin2n (11 (6.52)

From (6.52) it is seen that meanwhile in source field (6.30) the third Stokes vector
projection changes sign with changing radius, longitudinal SAM component (6.52)
changes sign with changing angle. When making an arbitrary-radius full circle
centered on the optical axis, the longitudinal SAM projection (or third Stokes vector
projection) changes sign 4n times. Such type of skyrmion has been given the name
‘multi-skyrmion’ [50].

6.2.5 Numerical Modeling

For the purpose of numerical modeling, field (6.30) is multiplied by the Gaussian
function exp[—()c2 + yz)/wz], where w is the waist radius of the Gaussian beam,
assumed to equal w = 1 mm upon modeling. Figure 6.9 shows an intensity pattern of
Poincare beam (6.30), multiplied by a Gaussian function atn = 1, f= 1 mm, ¢y = 0.
The intensity pattern is depicted in collor level, with white color marking the
maximum intensity and black—the minimum. The arrows in Fig. 6.9 show the
direction of the transverse Stokes vector in Eq. (6.31), S,ex + S,e,, where e, and e,
are unit vectors along the Cartesian coordinates x and y. Sign of the longitudinal
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Fig. 6.9 Intensity pattern of
field (6.30) (zero intensity
marked black, maximum—
white), Stokes vector
distribution in the source
plane of field (6.30): the
arrows show the transverse
Stokes vector projection in
Eq. (6.31), with the arrow
color showing the
longitudinal projection sign:
pink—S, > 0, green—

S. < 0. For the illustrative
purposes, the region of
positive values of S, is
encompassed with a dotted
circle. For better
visualization, all arrows are
same-size. The frame size is
2.5 x 2.5 mm
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Stokes vector component in (6.31) is marked in color: pink color for S, > 0, green
color for S, < 0. In compliance with the theoretical prediction in Eq. (6.31), the field
is right-handed elliptically polarized at the center of the beam cross-section (S, > 0)
and left-handed elliptically polarized on the periphery (S, < 0). The intensity pattern
of beam (6.30) is shaped as a Gaussian function I(r) = exp (—2r2/w2).

From Fig. 6.9 and Eq. (6.31), on the horizontal axis, the Stokes vectors are seen to
lie along the x-axis. On the vertical axis, the Stokes vectors are opposite to the x-axis.
On the rays tilted at angles ¢ = /4 and 5z/4, the Stokes vectors are directed
vertically upwards along the y-axis, being directed vertically downwards oppositely
to the y-axis at @ = 3z/4 and 7x/4. At the center of field (6.30), there occurs an
on-axis C-point where the field is circularly polarized, for at r = 0, the longitudinal
Stokes vector in Eq. (6.31) equals unity: S, = 1. This is a polarization singularity
point where the direction of axes of the polarization ellipse of field (6.30) is
indeterminate. The Poincare-Hopf index [18] of C-point polarization singularity
equals the ratio of an integer number of turns of the polarization ellipse axes on a
circle centered on the optical axis to the full angle 2r. The Stokes index of
polarization singularity is twice as much as the Poincare-Hopf index and equals
the ratio of the number of full turns of the transverse Stokes vector on an axis-
centered circle to the full angle [59, 60]. From Fig. 6.9, the transverse Stokes vector
is seen to rotate by the angle 4xn, meaning that the Stokes index is 6 = 4n/2x = 2
(at n = 1). The Stokes index can be derived as the topological charge of a complex
Stokes field [61]:
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Se =1 +iSy =
(6.53)

ey exp(i2np + 2¢,)

The Stokes index, o, and Poincare-Hopf index, n, are expressed through the topo-
logical charge using Berry formula [54]:

2z

oc=2n= %rlirglclm d(pw =2n. (6.54)
0

For the situation depicted in Fig. 6.9 at n = 1, the Stokes index in (6.54) appears to be
equal to the skyrmion number in (6.36) and (6.39).

Figure 6.10 depicts skyrmion field projections (6.33), Z,, Z,, .. From a com-
parison of Stokes field (6.31) and skyrmion field (6.33), it is seen that they are
structurally similar, the skyrmion field is positive and approximately defined by the
Stokes field squared. With the transverse skyrmion field projections depending on
the squared functions cos 2¢ and sin 2¢, intensity patterns of the transverse pro-
jections have four petals each, rotated relative to each other by z/4, as seen from
Fig. 6.10a and Fig. 6.10b. The longitudinal skyrmion field projection in (6.33) is
radially symmetric and has its maximum on the optical axis (Fig. 6.10c). Numeri-
cally summing up all three projections over the entire image in Fig. 6.9 we find that,
in agreement with theoretical prediction (6.35), all three skyrmions have the same
numbers, NS, = NS, = NS, = 2/3, with the full skyrmion number being NS = 2
(Fig. 6.10) at n = 1.

Figure 6.11 depicts an intensity pattern of skyrmion (6.30) with arrows marking
directions of the transverse skyrmion field projections, i.e. the direction of the field
2.ey + X,e,. Considering that skyrmion field projections (6.33) are positive, angles
that the arrow directions in Fig. 6.11 make with the horizontal axis are ranging from
zero to 90 degrees. The third projection of skyrmion vector, X, is exclusively
directed along the optical axis. Near the optical axis, the projection X, has maximum
values (red arrows), decreasing with increasing distance from the axis (blue arrows).
The pattern of 3D skyrmion vectors (6.33) resembles hedgehog spikes.

Summing up, we have derived explicit analytical relationships to describe 3D
vector fields for two different types of 2D Poincare beams [62]. The skyrmion fields
analyzed, Eqgs. (5.33) and (6.43), are described by positive definite functions and
different numbers of Eqgs. (6.36) and (6.45) that have been shown to depend on the
topological charges of optical vortices contained in the Poincare beam. A new
constructive formula enabling the skyrmion number to be calculated using just
Stokes vector projections in Eq. (6.38) has been deduced. The skyrmion numbers
obtained using the familiar formula in Eq. (6.28) and the newly proposed formula in
Eq. (6.19) have been shown to coincide. Numbers of the individual skyrmion field
projections have been shown to the same and equal to one third of the full skyrmion
number in Egs. (6.35), (6.44).
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Fig. 6.10 Projections (6.33) of the 3D skyrmion field at n = 1: Xx (a), Zy (b), Xz (c). Frame size:
5 X 5 mm

6.3 Behavior of an Optical Vortex Immediately behind
a Spherical Lens Illuminated by Circularly
Polarized Light

It is a well-known fact that tightly focused linearly polarized light forms an elliptical
focal spot [63—66] and circularly polarized light forms rotating energy flow in the
focal plane [67-70]. The latter effect is called spin-orbit conversion [70]. It is also
known that using non-uniform linear polarization (radial or azimuthal) it is possible
to form a circular focal spot with a minimum size [71, 72]. We will show that,
although a circular focal spot is formed during focusing of light with circular
polarization and with radial polarization, the shape of the focal spots of the intensity
of individual transverse components is elliptical. We will also show that the elliptical
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Fig. 6.11 Patterns of
intensity (zero marked black
and maximum marked
white) and arrows of
transverse projections of
skyrmion vector in

Eq. (6.33). The 3D
skyrmion vectors resemble
hedgehog spikes directed
exclusively along the optical
axis. The angle of tilt of the
skyrmion vector (6.33) is
maximum on the optical
axis, decreasing with
increasing distance from the
optical axis, with the on-axis
projections of the red arrows
being larger than those of
the blue ones. Frame size:
2.5 x 2.5 mm

shape of the focal spot during focusing of light with linear polarization is explained
by the existence of a second-order optical vortex in each transverse component of the
electric field.

In [73], based on the Richards -Wolf theory [64] it was shown for the first time
that when focusing circularly polarized light, an optical vortex with a topological
charge of +2 (right circular polarization) or —2 (left circular polarization) is formed
at the transverse projections of the electric field at the focus. In [73], the existence of
optical vortices at the focus was explained by the Berry geometric phase [74] and the
spin Hall effect [75]. However, a detailed connection between the optical vortex
from the one side and the geometric phase and the optical Hall effect from the other
side was not shown in [73]. Based on [64, 76], we will show that optical vortices are
formed singly or in pairs with different signs when light with any state of polariza-
tion (circular, linear, and cylindrical) passes through a spherical lens. If optical
vortices appear in pairs (linear and cylindrical polarizations), they do not create
orbital angular momentum. It will be shown that, depending on the azimuthal angle
@, the Cartesian components of the initial transverse light field will change sign four
times during one rotation of the angle @, i.e. they depends from sin(2¢) and cos(2¢).

In [77-79] the azimuthal energy flow in the focus of coherent light was investi-
gated. For example, in [79] it was shown that when focusing circularly polarized
light in a tight focus an azimuthal (angular) energy flow is formed in the focal plane.
In this work, the existence of this flow is explained by the appearance of transverse
and longitudinal optical vortices immediately a spherical lens when the circularly
polarized light passes through it.

In this section, we show that: first, a second-order optical vortex is formed in each
transverse Cartesian component immediately after circularly polarized light passes
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through a spherical lens. Second, the existence of this optical vortex immediately
behind the spherical lens explains why the light acquires orbital angular momentum
immediately behind the spherical lens. Third, this second-order optical vortex also
explains the elliptical shape of the intensity of the Cartesian components in the focal
plane. Fourth, for linearly polarized light, two transverse optical vortices with
topological charges +2 and —2 are formed after the spherical lens. Fifth, their
existence explains the elliptical shape of the focal spot for linearly polarized light.
Sixth, an optical vortex can be detected in right-hand circularly polarized light by the
presence of intensity on the optical axis at the focus when illuminating a spherical
lens with an optical vortex with a topological charge of —2.

6.3.1 Components of Electric Field Immediately After
the Spherical Lens

Within the Richards -Wolf theory, we can find the components of the electric E and
magnetic H field vectors immediately behind an ideal spherical lens [64, 76]:

E.= (1+A(9) coszgo)a(go) —l-wb(go),
E, = Asm(zq’)a( ) + (1 +A(6) sin’g) b(p),

E, = —sin6(a(@) cos ¢ + b(p) sing),
H, = —(1+A(0) cos’p)b(p )—I-[M

5 a(g),
Hy, = _ASln(Zcp) b(g) + (1 +A(0) sin’p)a(g).
H, = —sin 6’(—b((p) cos @ + a() sing),
A(6) = cosf — 1.

In Eq. (6.55), 0 is the angle between the optical axis and the segment connecting the
point of geometric focus with a point on the converging spherical front immediately
behind the lens. In this case, a point on the spherical front located at a distance r from
the optical axis is related to the focal length by the equation: = f'sin 0, ¢ is azimuth
angle. Next we will find some characteristics of this light field if the initial field is
described by the following Jones vectors:
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a(e) 1 (1
Eo(p) = =— |
b() 2\ oi
—b(¢) 1 (—oi
Hy(g) = =— -
a() V2 \1
That is, the light illuminating the spherical lens has right-hand (6 = 1) or left-hand

(6 = —1) circularly polarization. If the initial field (6.56) is substituted into
Eq. (6.55), we obtain the following projections of the electric and magnetic fields:

(6.56)

1 26i
E.=——|(1+ cos@) — (1 — cosf)e?|,
775 L1+ c0s6) = (1 = cos)e™?)
io 26i
E,=——1(1+ cos@)+ (1 — cos@)e?|,
=S [+ cos) + (1 - cos )
1 . ;
E, = ———=sinfe”?,
V2
i . (6.57)
H, = 5/ [(1+ cos6) — (1 — cos@)e” ],
1 .
H,=——|(1+ cos8) + (1 — cos0)e"?|,
=55 (14 030) 4 (1 cos0)e™]
ic . ;
H, = —sin6e°?.
V2

Egs. (6.57) show that immediately behind the spherical lens a superposition of a
beam with right-hand circularly polarization (¢ = 1) and an optical vortex with a
topological charge of 26 and with left-hand circularly polarization will be formed:

E, 1+cos€<1) 1—00392~<1 )
= — " . 6.58
(Ey) 2V2  \oi 2V2 —oi (6.58)

Also, an optical vortex with a topological charge o is formed in the longitudinal field
component E_. Moreover, both vortices (transverse and longitudinal) will be large at
large angles of inclination of the beams converging to the focus, i.e. when angle 0 is
close to z/2. L.e. the optical vortex will be mainly on the ring, and there will be no
optical vortex in the central part of the beam converging to the focus. This optical
vortex, in turn, will create an orbital angular momentum (OAM) in the beam
immediately behind the spherical lens, although the beam did not have OAM before
the lens. Indeed, the longitudinal component of the OAM vector, taking into account
Egs. (6.57), will have the form [79]:
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LO0E, _,OE, _0E)\
L = Im(Ex 5 +E; 5 +E a(p) - (6.59)
=o(1 — cos )

The longitudinal component of the spin angular momentum vector (SAM) immedi-
ately behind the spherical lens will have the form:

S. =2Im(E}E,) = o cos 0. (6.60)
From Egq. (6.60) it is shown that, on the contrary, the longitudinal component of
SAM is maximum near the optical axis and decreases to zero as the angle 0 increases

to z/2. From Eq. (6.59) and Eq. (6.60) one can find the total SAM and OAM
immediately behind the spherical lens:

0o
L, = 2xf? / L. sin 0d0 = 2W sin*(6,/2),
0

" (6.61)

S, = 2xf? / S, sin 0d6 = g sin?(6p), W =2z

0

In Eq. (6.61) W is the power of the light beam that passed through the lens (the
intensity of the initial beam is equal to unity), f'is the focal length of the spherical
lens. Eq. (6.61) shows that the maximum OAM is obtained with a numerical aperture
of NA = sin 8y = 1 and it is equal to half of the beam power, ZZ, max = W/2.In this
case, the longitudinal SAM will decrease by the same amount,
§ min = W — W/2 = W/2. However, this decrease of SAM does not increase the
OAM, because it affects the transverse SAM. Similarly, we could obtain the
longitudinal projection of the Poynting vector immediately after the spherical lens:

P. = Re(E;H, — E}H.) = cos0. (6.62)

Comparing Eqgs. (6.60) and (6.62), we can see that the longitudinal components of
SAM and the energy flow coincide up to the sign. The longitudinal component of
SAM for left-hand circularly polarization is directed opposite to the optical axis z,
and the longitudinal projection of Poynting vector is directed along the positive
direction z.
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6.3.2 Light with Right Circular Polarization
in the Focal Plane

Light field (6.56) in the focal plane have the form [64]:

7

1 i
Ey — E (JO,O _ 6201(/.]2’20_)’ (663)

E.= V2], ,.

E,=—(Joo +€)22,),

In Eq. (6.63) the following function, which depends from the radial variable r,
is used:

0o

Jap = (?) / sin®™! (g) cos® @ (g) cos'/2(6) x (6:64)
) .
xB(0)e™ %01 5(£)do,

where k = 2n/ 1 is the wavenumber, 4 is the wavelength, (r, @, z) are cylindrical
coordinates, & = kr sin(0). In Eq. (6.64), J4(£) is the fth-order Bessel function of the
first kind. From Eq. (6.63) we obtain equations for the transverse intensity
components:

I, = |E(r, go)|2 =
1
- z (‘]30 + J%Z + 2.]0,().]2,2 COS(ZQD)),
2
I, = |Ey(r’ 4”)| =
1

= i (]3’0 + J%Z — 2.]0,0.]2,2 COS(2(/))) .

(6.65)

Eq. (6.65) will be the same for both left-hand and right-hand circularly polarization.
From Eq. (6.65) it follows that the intensity components have the form of an ellipse,
which is elongated for I, along the x axis and for I, along the y axis. These elliptical
intensity distributions can be measured experimentally, and thus we can be sure that
an optical vortex with a topological charge of 2 is present at the focus. However, as
shown in the contribution to the intensity of the second terms in Eq. (6.63) is much
smaller than the contribution of the first terms, so this ellipse will be a slightly
distorted circle.

It is more efficient to use an additional vortex to compensate for the optical vortex
in Eq. (6.9) and obtain a weak intensity at the center of the focal plane. Indeed, for an
initial field of the form



218 6 Features of Vector Beams in Sharp Focus

(6.66)

In [79] an expression for the projections of the electric vector in the plane of focus
was obtained:

l-n—l

Ex,n = % einq) (JO,n + eZGi¢J2,n+2(r) s
"o oi 6.67
Ey,n = 72~el (/}(JO,n - 62 wJZ,n+20')s ( )
E., = —\2{""00) .
Therefore, at n = —2 o in the plane on the optical axis there will be a local intensity

maximum proportional to J%,o' This intensity maximum proves the presence of a
transverse optical vortex with a topological charge of +2 at the focus.

6.3.3 Linearly Polarized Light in Tight Focus

It is known that when focusing a linearly polarized light, the focal spot acquires an
elliptical shape. This is explained by the fact that after the spherical lens for linear
polarization, two optical vortices with topological charges 2 and —2 with left-hand
and right-hand circularly polarizations are formed. These vortices introduce asym-
metry into the focal spot. Indeed, the Jones vector of the initial field for an optical
vortex with linear polarization has the form:

E.(¢) = exp(ing) (é) . (6.68)

The projections of the electric vector in the plane of the tight focus for the initial field
(6.68) have the form:

a1 , ‘
E.= ZT " (2o + € Trpin + € 05, 0),

E, = %eimp (€72 J2 00 — €T 12), (6.69)

1 in —i !
Ez =re "’(e [/)Jl,n—l —elﬂ.]],,H_]).



6.3 Behavior of an Optical Vortex Immediately behind a Spherical. . . 219

In Eq. (6.69) the maximum contribution near the optical axis is given by the term Jy,,
. The remaining terms are several times smaller [19]. From Eq. (6.69) it follows that
at the focus at n = 0 two optical vortices with topological charges 2 and —2 at the
transverse components, and two optical vortices with charges 1 and —1 at the
longitudinal component of the field are formed. Using Eqgs. (6.69) for n = 0, we
obtain expressions for the intensity of individual components at the focus for light
with linear polarization along the horizontal axis:

I, = |Ex(r, §0)|2 =
= J(z),o + Jg,z cos2(2(p) + 2J0,0J22 cos(2¢),
2
I, = ‘E T, | =
5 (6.70)
= *122(1 — cos(4)),
I, = ‘Ez(r ¢)|2

=23, (1 + cos(p)).

From Egs. (6.70) it follows that all intensity components depend on the azimuthal
angle @ and are not radially symmetric. But in terms of magnitude, the main
contribution to the intensity near the optical axis, where the focal spot is located,
is given by the term Jy o, which forms a round focal spot. The second largest term
contributing to the intensity is the term 2Jy_oJ2, 2 cos (2¢). This term has elliptical
shape, it is elongated along the horizontal axis, since it has two local maxima at
@ = 0 and ¢ = n. According to the sum of these two terms, the shape of the focal spot
for light with initial linear polarization will have the form of an ellipse elongated
along the direction of the polarization vector. Thus, it is the two optical vortices with
charges 2 and —2, which are formed during focusing, that are responsible for the
elliptical shape of the focal spot.

From Eq. (6.69), we can obtain the SAM density at the focus for a first-order
optical vortex (n = 1) with linear polarization:

. 1
S, =2Im(ELE,) = —5 (21 +J23)x

(V2.1 +J23 + Jo,1 cos 2¢).

(6.71)

From Eq. (6.71), it follows that for ¢ = 0 and ¢ = =, the SAM will be negative
(S, < 0), while for ¢ = /2 and ¢ = 3n/2, the SAM will be positive (S, > 0). The
longitudinal projection of the SAM reveals the presence of local regions with right-
and left-handed elliptical polarizations at the focus. In the initial plane, the light field
(6.69) had no spin angular momentum (S, = 0), while regions with SAMs of
opposite signs formed at the focus. This demonstrates the presence of the spin
Hall effect (6.71).
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6.3.4 Radially Polarized Light in Tight Focus

The Jones vector for a radially polarized light field is

E(¢) = (cos @sing). (6.72)

In the plane of the focus, the components of electric vector for the initial field (6.72)
have the form:

E,(r,p) = cos(¢)(lo1—12.1),
Ey(r,@) = sin(p)(lo1—121), (6.73)
EZ(}’, gl)) = 21'11’0.

From Egs. (6.73) it is seen that the radial polarization (6.72) is preserved at the focus,
however, it is modulated by a function depending on the radial variable (Iy, 1—1>, 1).
It is also seen that the intensity of each transverse coordinate will have the shape of
an ellipse elongated along the corresponding coordinate axis, although the total
transverse intensity will have a circular shape.

6.3.5 Numerical Simulation

Simulation parameters were as follows: wavelength A = 532 nm, focal length
f = 20X, annular aperture with 0, = arcsin 0.95 < 0 < asin(0.99) = 0.« the
amplitude inside the ring is uniform, i.e. A(8) = 1, the polarization is right-hand and
left-hand circularly, the Jones vector is [1, & i] T computational domain | x |,
Iyl <R =S5 pm. Figure 6.12 shows distribution of intensity (Fig. 6.12a,b) and
their components (Fig. 6.12c¢) at the focus.

From Fig. 6.12 it follows that the focal spot I, (excluding side lobes) has the shape
of an ellipse elongated along the horizontal axis, in accordance with the first formula
in Egs. (6.65). Similarly, the focal spot /, (excluding side lobes) has the shape of an
ellipse elongated along the vertical axis, in accordance with the second formula in
Egs. (6.65). In this case, the transverse distribution of intensity at the focus
(Fig. 6.12¢) has a radially symmetric shape.

Figure 6.13 shows the transverse components of intensity at the focal plane for an
initial optical vortex with a topological charge n = 2 with left-hand (Fig. 6.13a) and
right-hand (Fig. 6.13b) circularly polarization.

From Fig. 6.13 it follows that in the picture I, + I, the main ring (shown in
Fig. 6.13 by vertical lines) is of the same radius, but with left-hand circularly
polarization there is another ring inside (the dark area in the center is small)—this
is the vortex ring with topological charge n — 2 = 1. With right-hand circularly
polarization there is no ring inside. There is a ring outside, this is a vortex ring with
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Fig. 6.12 Intensity at the focus for I, (a), I, (b) and I, + I, (c) for the initial field with circular
polarization Eq. (6.56)

Fig. 6.13 Transverse intensity I + I, at the focal plane of the initial field (6.66) at n = 3, and
o = —1, left-hand (a) and o = 1, right-hand (b) circularly polarization
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Fig. 6.14 Transverse intensity I, + I, at the focal plane of the initial field (6.66) with the same
parameters as in Fig. 6.13 but for n = —2 with ¢ = —1, left-hand (a) and ¢ = 1, right-hand (b)
circularly polarization

topological charge n + 2 = 5; however, it is not detectable because of the side lobes
of the vortex of the third order.

From Fig. 6.14 it follows that in the transverse intensity pattern I, + I, with left-
hand circularly polarization only a ring is formed, since the field consists of vortices
of orders —2 and —4. With right-hand circularly polarization inside the ring there is
an intensity peak on the optical axis, since the field consists of two terms: vortex
10’26_2@ and radially symmetric I, ;.

Figures 6.12, 6.13 and 6.14 prove that when circularly polarized light passes
through a spherical lens, a second-order optical vortex (n = 20) is formed. Although
this vortex is not visible in the phase distribution at the focus (Fig. 6.15). Only the
first-order optical vortex (n = o) is visible in the phase of the longitudinal component
of the field (6.63).

Figure 6.15 shows the phases at the focus for all components of the electric field
obtained using Eqs. (6.63). From Fig. 6.15c¢ it is seen that an optical vortex with
topological charge n = 1 is formed at the longitudinal component of the electric field
at the focus for light with right-hand circularly polarization. But in Figure 6.15a,b it
is difficult to see the phase of the optical vortex with topological charge n = 2. This is
explained by the small value of the second terms in the first two Egs. (6.63).

The particles captured on the light ring is shown experimentally in [22, 23] to
rotate in a circle counterclockwise (6 = 1) and clockwise (6 = —1) in the absence of
an optical vortex in the sharp focus of the axicon exp(iar). Here a is the axicon
parameter, with circular polarization (1, ic)", T is the transposition sign. Figure 6.16
shows two identical ring intensity distributions (a, c) in the sharp focus (NA = 0.95)
of an ideal spherical lens with the axicon initial amplitude B(0) = exp(iatan 6). And
the OAM density distribution on the intensity ring: for the right-hand circularly
polarization (b) and the left-hand circularly polarization (d). Numerical simulation
parameters are as follows: wavelength A = 532 nm is used, the focal length is
f = 20A, the axicon parameter a = 10, the calculation region size is 8 X 8 pm.
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Fig. 6.15 Phase distribution in the focal plane of the initial field (6.56): arg E, (a), arg E, (b) and
arg E, (¢). Black color—phase 0, white color—2n

Due to spin-orbit conversion the OAM density is seen from Fig. 6.16 to change
sign when the direction of rotation of the polarization vector changes. The following
results were obtained in the section. It was shown that when focusing circularly
polarized light immediately behind a spherical lens, the transverse light field is
divided into two light fields converging to the focus. One of these fields is light
with the same circular polarization. The second one (smaller in magnitude) is a field
of a second-order optical vortex with circular polarization of the opposite direction.
This additional optical vortex is responsible for the existence of the orbital angular
momentum of the light field immediately behind the spherical lens. However, both
the optical vortex and the orbital angular momentum appear not in the entire field,
but only in a certain part of the field, both light fields (both vortex and non-vortex)
propagate together, and they cannot be separated by the distribution of the total
intensity at the focus. The optical vortex manifests itself in the elliptical shape of the
intensities of individual transverse field components in the focal plane, and it also
manifests itself in the existence of a local intensity peak on the optical axis if a
second-order optical vortex with the opposite sign is present in the initial field. The
work also shows that when focusing light with linear polarization, two second-order
optical vortices with plus and minus signs are formed at the transverse components
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a) n b) .
c) n d) .
Fig. 6.16 Intensity distributions (a, ¢) and OAM densities (b, d) in the sharp focus of the field with

right-hand (a, b) and left-hand (¢, d) circularly polarization. Red and blue colors (b, d) represent
positive and negative values, respectively

of the light field. It is shown that these optical vortices determine the elliptical shape
of the focal spot. Moreover, the elliptical focal spot is determined by the initial
transverse component and it is elongated along the Cartesian axis of the initial linear
polarization direction. The results obtained in the work can be used to rotate
microparticles in a circle without preliminary formation of an optical vortex, but
using only a spherical lens and an axicon.
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Conclusion

The book contains results on the canonical energy flux in laser beams obtained by
the authors in 2025. We will briefly list these results.

We explore the diffraction of a plane wave by an opaque rectangular screen and
show that at any on-axis distance from the obstacle plane, a multitude of diffraction
fringes occur in a screen-parallel plane, characterized by a (negative) canonical
backflow. Remarkably, the localized fringe recurrence interval is found to decrease
with larger distance from the screen edge, with the first fringe of the canonical
energy backflow departing from the edge with increasing distance from the optical
axis. The energy backflow is shown to occur in the diffraction pattern areas charac-
terized by subwavelength values of phase and amplitude modulation, i.e. where the
local wave-vector expressed through the phase gradient is larger than the incident
wave wave-vector.

We have demonstrated both analytically and numerically that in the cross-section
of a 2D paraxial accelerating Airy beam propagating on a parabolic trajectory there
are areas where a canonical energy backflow occurs. These areas arise in the far
sidelobes of the Airy beam characterized by subwavelength local period
(superoscillations areas). At an arbitrary propagation distance from the initial
plane, there is a threshold transverse coordinate, such that at all smaller negative
values of the transverse coordinate, the longitudinal component of the canonical
energy flow is negative. For a nonparaxial Airy beam, we derive an explicit
analytical expression for the canonical energy flow near the initial plane. The energy
backflow is revealed to occur near the intensity null where a phase jump of = takes
place. Near the intensity null, the phase derivative with respect to the longitudinal
coordinate takes large negative values, leading to the longitudinal wave-vector
projection becoming larger than the wave-number of light and directed oppositely.
The maximum energy backflow is found to be about one fifth of the direct maximum
energy flow.

In this book, several 2D non-paraxial light fields near the initial plane (sinc-beam,
Gaussian beam and Hankel beam) are considered. These TE-polarized beams are
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shown theoretically and numerically to have a reverse canonical energy flux in the
initial plane. The negative value of the longitudinal projection of the canonical flux
vector means that the longitudinal derivative of the phase is negative, and hence the
local wave vector is directed against the positive direction of the optical axis. The
reverse flux occurs in the presence of evanescent waves. Although running along the
initial plane evanescent waves themselves do not transfer energy along the optical
axis perpendicular to the initial plane, they participate in the formation of the reverse
flux. Near the initial plane, the amplitude of the light field consists of a linear
combination of amplitudes of the propagating and evanescent waves. Therefore,
evanescent waves participate in the formation of the phase function of the complex
amplitude of the entire field and affect the sign of the longitudinal phase derivative.
For a sinc-beam, the backflow occurs in the first intensity side lobes, where the
standing evanescent wave has odd antinodes.

We have demonstrated that non-paraxial 2D TE-polarized light fields form 2D
optical vortices near intensity zeros, with the amplitude having the form x + iz, where
x and z are the transverse and longitudinal Cartesian coordinates. Near the intensity
zeros, the longitudinal projections of the wave vector also have gigantic values of
both signs. Negative values of the longitudinal projections of the wave vectors
indicate that a reverse energy flow occurs near the intensity zeros. Around the
intensity zeros, the energy flow circulates both clockwise (if the topological charge
of the optical vortex is —1) and counterclockwise (if the topological charge of the
optical vortex is +1). The gigantic values of the wave vectors near the intensity zeros
indicate that the wavelength of the light is small, and therefore the phase velocity of
rotation of light around the intensity zero is also small, compared to the speed of light
in a vacuum. A giant wave vector, energy flow circulation and energy return flow are
formed in a substantially subwavelength region around intensity zeros of fractions of
a wavelength in size, demonstrating the presence of superoscillations.

We derive an explicit analytical expression for the distribution of longitudinal
component of the canonical energy flux vector near the initial plane (in the near
field). We consider a nonparaxial light beam with linear polarization and with an
amplitude of the plane waves spectrum in the form of a circle. This distribution has
the shape of an ellipse elongated along the direction of the linear polarization vector.
If the plane waves spectrum includes evanescent waves, then in the near field, a
reverse canonical energy flux arises. This reverse flux almost coincides with the first
side lobe of the intensity distribution in the near field. The reverse flux arises near
intensity zeros. Computer simulations is performed using two independent methods:
plane-wave spectral decomposition and Rayleigh-Sommerfeld integral. The simula-
tion results agree with theoretical predictions.

Employing the Richards-Wolf formalism that adequately describes an electro-
magnetic field near the sharp focus of an ideal spherical lens, we demonstrate that
certain light fields (linearly polarized optical vortex, cylindrical vector fields of an
arbitrary order) have in the focus plane a reverse canonical energy flow. Maximal
magnitude of the reverse energy flow amounts for the numerical aperture 0.95 nearly
1% of the maximal magnitude of the direct energy flow. Distribution of the reverse
canonical flow in the focus plane can have the shape of concentric rings or only arcs
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of the concentric rings. For certain light fields, for instance, for an azimuthally
polarized light field, longitudinal component of the canonical energy flow vector
coincides with the longitudinal component of the Poynting vector. It is shown that a
circularly polarized optical vortex does not have the reverse flow at the focus.

In this book, we investigated the behavior of the phase and local wave vector of a
tightly focused optical vortex with linear polarization. It was shown that in contrast
to a scalar optical vortex, there are some centers of phase singularity points of optical
vortices under tight focusing condition. If the topological charge of the focused
vortex is equal to one, then the center of the focused vortex is located on the optical
axis. If the topological charge is equal to two, then two optical vortices with unit
topological charges are observed in the focal plane. This singularity points are
shifted from the optical axis and bounded the area of energy backflow. If the
topological charge exceeds two, then three optical vortices are formed in the focal
plane, two of them have a unit topological charge and are shifted from the optical
axis. It was analytically shown that with increasing of topological charge the centers
of shifted optical vortices move away from the optical axis.

For the well-known linear electric Hertzian dipole, oriented along the Cartesian
axis z, we derive explicit analytical expressions for the radial and meridional
components of the canonical energy flow vector in spherical coordinates in the
near field. We demonstrate theoretically that, in the near field, the dipole has energy
backflow. The backflow area is bounded by a curve of zero radial energy flow. A line
of forward energy flow outgoes from the dipole along a radius, then it bends and
intersects the curve of zero radial energy flow, and then the energy flow line returns
back to the dipole. This returning energy flow, outgoes from the dipole at meridional
angles from 55° till 125°. Outside these angles, the energy flow is forward and the
energy flow lines, despite bending, go away from the dipole to infinity. At merid-
ional angles from 0° to 90°, energy flow lines bend clockwise, while at angles from
90° to 180°, energy flow lines bend counterclockwise. It is interesting that the linear
dipole has the azimuthal component of the spin angular momentum vector. At z < 0,
the spin vector is directed along the azimuthal coordinate, while at z > O—oppo-
sitely. Due to nonzero meridional component of the orbital energy flow, the dipole
has the azimuthal component of the orbital angular momentum. It is directed
oppositely to the direction of the azimuthal component of the spin angular
momentum.

We discuss two source vector fields of Poincare-beam type that can be looked
upon as optical skyrmions, i.e. topological quasiparticles. We derive explicit ana-
Iytical relationships that describe projections of a three-dimensional (3D) skyrmion
vector field in the source plane and skyrmion numbers, which are shown to be
pro-portional to the topological charges of constituent optical vortices of the
Poincare beams. We also propose a new constructive formula as an effective tool
for calculating the skyrmion number via normalized Stokes vector projections rather
than skyrmion vector field projections. The skyrmion numbers calculated using the
familiar and newly proposed formulae coincide. Numbers of each pro-jection of a
3D skyrmion vector field are shown to com-prise a third of the full skyrmion
number. The theoretical conclusions are validated by a numerical simulation. The
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non-uniform linear polarization in the skyrmion cross-section depends on the azi-
muthal angle and can be used to form a spiral microrelief due to the mass transfer of
molecules on the surface of the material.

We introduce here new physical quantities. By analogy with the conventional
orbital angular momentum (OAM), they are called polarization OAM and hybrid
OAM. It is known that the conventional OAM indicates the presence of an optical
vortex in the light field and is equal to the topological charge. The same way, the
polarization OAM indicates the presence of a “vortex of the linear polarization
direction” in the vector field and is equal to the singularity index of the vector
field. Thus, it shows how many full turnovers makes the linear polarization vector
along a closed contour around the optical axis. The hybrid OAM demonstrates that
along a closed contour around the optical axis, the vector field changes not only by
the direction of major axis of the polarization ellipse, but also by the ratio between
the major and minor ellipse axes. The hybrid OAM is equal to the number of full
turnovers of the polarization ellipse. These new OAMs are derived for several
typical initial vector fields to demonstrate their functionality. The initial electric
field has only two transverse components, which determine the longitudinal com-
ponent of the OAM vector. However, at the tight focus, all three components of the
E-vector arise, and therefore, longitudinal component of the OAM vector is defined
by all three electric field components. Thus, if one of these three OAMs is zero in the
initial field, then at the focus, this OAM can become nonzero due to appearing
longitudinal field component, contributing to this OAM. We believe that these newly
introduced OAMs can be applicable to other vector fields, allowing more complete
description of their properties.
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