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Abstract: In this study, a new method for manipulating energy flow in a 3D vector field is proposed.
In this method, an azimuthally-polarized beam with a noncanonical vortex, the X-type vortex, is
focused in a high-numerical aperture system. It is found that, instead of the invariance of the energy
flow which is characteristic of the traditional vortex (i.e., canonical vortex), both the longitudinal
and the transverse energy flows in virtue of the X-type vortex rotate around the beam center as the
beam propagates, and this rotational behavior (including the maxima location and the rotational
angle) can be adjusted by the anisotropic parameter and the order the X-type vortex. Through de-
fining a complex transverse Poynting field and applying the equivalence principle, the transverse
energy flow and its topological reactions are discussed in the focal plane. Our result shows that, by
changing the anisotropic parameter of the X-type vortex, rich topological reactions will occur, re-
sulting in various distribution patterns of the energy flow, such as multi vortex-type singularities
around the beam center. Our research demonstrates newly-observed features of the X-type vortex
and also provides a simple method to manipulate energy flows both along longitudinal and trans-
verse directions, which will be useful in optical manipulations.

Keywords: Poynting vector; optical vortex; singularity; energy flow

1. Introduction

The energy flow of light has been studied for more than 100 years since the possibility
of backward energy was revealed in the near-focus field in 1919 [1]. Later, in 1959, the
energy flow was also analyzed near the Airy rings in a classical article [2]. Because of its
important role in both fundamental and applied research, the study of energy flow has
become more vigorous in recent decades [3-23]. In fundamental research, the energy flow
provides a natural method for exploring the most intimate features of an optical field,
such as the (intrinsic) energy flow being divided into a spin part and an orbital part cor-
responding to the two different angular momenta of an optical field [3-6], which reflects
the physical nature of light; the behaviors of the energy flow can connect to the topological
reactions of optical singularities, which supports a method of explaining the special fea-
tures of singular optics [7,8]. On the other hand, energy flow has been utilized in optical
manipulations. The absorptive particle can move along the direction of the energy flow
and the velocity of the movement is proportional to the modulus of the energy flow [9,10].
Recently, beams with backward energy flow have also attracted a lot of interest for their
role as a ‘tractor’ to exert pulling force on a particle in manipulation schemes [11-16].
Many methods have been proposed in manipulating energy flows, such as tailoring the
phase structures [6,17,18] and/or polarization distributions [19-22]. Research on energy
flow continues to be expanded on in fundamental and applied optics [16,23].

An optical vortex usually refers to the canonical vortex with a constant phase gradi-
ent around its center [8,24-26]. Since it has peculiar characteristics, such as carrying orbital
angular momentum, the optical vortex has been studied extensively and utilized in a wide
range of applications, such as in optical tweezers [27], optical communications [28],
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imaging [29], microscopy [30,31], etc. The vortex also plays a key role in most research on
the manipulation of energy flows [12,14-20,22]. Besides the well-known canonical vortex,
there also exists the noncanonical vortex, which has not received as much attention in
most studies [32-36]. For a noncanonical vortex, the phase gradient is no longer constant
along the azimuthal direction; thus, there will exist an ‘anisotropic parameter’ character-
izing the phase distribution, which actually provides more freedom for beam structure
[33,36]. Very recently, an X-type vortex, as one type of the noncanonical vortex, was pro-
posed, and it was found that this noncanonical vortex could shape the intensity distribu-
tion in rich structures in 3D vector fields [36]. In this article, we will use the X-type vortex
and show its effects on energy flows.

2. Materials and Methods

The X-type vortex is a type of noncanonical optical vortex, with an anisotropic phase
distribution [36]. The transverse field of an optical beam embedded with an X-type vortex
can be expressed as:

V(X)(x,y):A(x,y)(\/W)IM’ )

(worr]

where o, is the anisotropic parameter determining the phase distribution and 1 (I € N)
represents the order of the vortex. When o, = 1, the X-type vortex degenerates into a
conventional (canonical) vortex. It is also convenient to re-write the Equation (1) in the
polar coordinates (x = pcos¢,y = psing):

VO (p,) = A(p,g)ple" ™, b))

Which shows that the phase is a nonlinear function of azimuthal direction ¢ and the
phase gradient along the ¢ direction equals lo./(cos?¢ + oZsin?¢). Examples of the
phase distributions are depicted in Figure 1a, where the plot withl = 1and o, =1 rep-
resents the conventional (canonical) vortex with order 1, and one can see that the phase
changes uniformly along the ¢ direction. The phases in the plots with o, > 1 change
faster near the x-axis, where the phase in the plot with o, < 1 changes faster near the y-
axis.
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Figure 1. A strongly focusing system with an X-type vortex beam as the incident field.

Next, we will use this X-type vortex to construct a 3D vector field in a high numerical
aperture (NA) system. First, consider a high NA system with a semi-aperture angle o and
a focal length f. The focus of this system is located at point O, the origin of the Cartesian
coordinate system, see Figure 1b. Then, assume that a Gaussian beam embedded with an
X-type vortex is incident upon this focusing system, i.e., the complex amplitude of the



Photonics 2022, 9, 998

3 of 15

incident field can be expressed by Equation (2) with A(p, ¢) = exp (— 5}—22), where w, is
0

the waist size. This X-type vortex can be generated by using a phase-spatial light modu-
lator or a programmable g-plate [37-39]. According to the Richards-Wolf vector diffrac-
tion theory, the electric/magnetic field at a point P(p;, s, z;) in the focal region can be
written as [2]

U(psl s’Z J.J. (X) p,¢) QE(H (9 ¢)\/§ ikz, cos @ (3)

x /P n0os970) gin 9d 9d ¢,

where U(ps, ¢s,2;) represents the 3D electric field (E(ps, ¢s,25)) or magnetic field
(H(ps, ¢s,2z5)), and where k = 2rm/A is the wave number with 1 denoting the wavelength
of the free space. Qz(6, $)(Qy(6, ¢)) is the polarization matrix of the electric (magnetic)
field, which can be expressed as

cos @ +sin” ¢(1—cos 6) (cos@—1)cos@sin ¢
QE(H) (0, ¢) = (cos@-1)cos@sing |a(8,¢)+| cosO+cos” @(1—cosb) |b(8,d), 4)
—sinfcos¢ —sinfsin ¢

where a(6,¢) and b(0, ¢) are the weight functions for the x-polarized and y-polarized
components of the incident beam, respectively. Assume this incident beam is also azi-
muthally polarized with order m; thus, for the electric field:

a(6,¢)| (-sinmg
(b(9,¢)J_[ Cosm¢j' ®)

a(6,¢)| (—cosmg
[b(@,;f))} _(—sin m¢J' ©
For simplicity, from here on, we only consider the case of m = 1; the other cases can

be derived in the same way. By substituting Equations (5) and (6) into Equation (4), we
can obtain two simple expressions for the polarization matrix:

and for the magnetic field:

—sing

Q,(6,0)=| cos¢ |, )
0

—cosf@cos¢
QH(0,¢) =| —cos@sing |. (8)
siné

thus, the electric field E(p;, ¢s,zs) and magnetic field H(ps, ¢s, z5) in the focal region can
be calculated as:

e, I (e,¢)
E(p,.0.,2)=|e, |=—ik[ L(0)|,(6,0)|d6, €)
e 0

z
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h —cos61,(6,9)
H(p, 9,2)=|h, |=-ik|, ()| cos61,(6,9) |d6, (10)
h, sin6 I_(6,9)
where
L(8) = Vcos e /4G £1 (sin @)™ e" e, (11)
and

. . . 1
27 —sm¢(cos¢+10'5 sm¢)

Ix (0/ ¢) = J. eikpS sin9cos(¢—¢5)d¢/ "
' (\/cos2 p+o0’ sin2¢)l (12)
. . 1
Iy (9[ ¢) _ J-OZﬂ' COS¢(COS¢+IO'C Sln¢2 eikps sino9cos(¢)—¢s)d¢, (13)
(\/cos2 ¢+0”sin’ ¢)
. . 1
IZ (01 ¢) _ I[)Z/r (COS¢+10-C Sln¢) l eikpssin9c03(¢—¢5)d¢' (14)
(\/COSZ ¢+0sin’ ¢)

The energy flow, which is described by the time-averaged Poynting vector P, can
now be written in terms of the expressions of these 3D electric and magnetic fields, as in
[3,12]:

P, Re[e, /1]

PoRe[ExH']=|p, |=| -Re[eh] |, (15)
p Re[e .l —e h']
z Xy yx

where Re[-] means the real part and the superscript * denotes the complex conjugate. The
following discussions on the energy flow are mainly based on the equations derived in
this section.

3. Results and Discussions

In this section, we first discuss the behaviors of the energy flow as the beam propa-
gates. After that, the properties of the transverse energy flow in the focal plane will be
analyzed.

3.1. Longitudinal Energy Flow along the Propagation Direction

Let us first analyze the longitudinal energy flow, which is the longitudinal compo-
nent of the Poynting vector p, along the propagation direction. When o, =1, i.e,, the
case for the canonical vortex, the integral with azimuthal angle ¢ in Equations (12)—(14)
can be calculated and the first kind of Bessel functions with trigonometric functions will
be obtained. Since the relations of the transverse components of the electric field and the
magnetic field (see Equations (9)—(13)), it can be calculated easily that p, has a circular
symmetry, i.e., p,(ps, ds + Ay, Zs) = 0, (05, s, Z5), With Ay being an arbitrary azimuthal
angle. This means that the longitudinal energy flow is uniformly distributed along the
azimuthal direction, which can be seen in Figure 2b. In addition, when o, # 1, the X-type
vortex (noncanonical case), this symmetry will be broken, see Figure 2a,c).
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Figure 2. The longitudinal energy flow p, along the propagation direction: (a) o, = 0.5; (b) o, = 1;
(¢) o, =2.Inall plots [ = 1.

Figure 2 depicts the distribution of the longitudinal component p, in different trans-
verse planes along the propagation direction, where the order of the beam is chosen as
[ =1 and the anisotropic parameter o, = 0.5 in plot (a), 6. = 1 plot (b), and o, =2 in
plot (c). In this figure, the semi-aperture angle a is setas 60° and, unless otherwise spec-
ified, @ = 60° in this article. In this figure, p, is always positive except certain points
where p, = 0, which implies that the longitudinal energy flow (if it exists) always points
to the +z; direction. Through observing this figure, we can obtain the hypotheses that:
(a) for any value of ¢, (when [ = 1), the maximum of the energy is located at the focus
on the focal plane, while, when the propagation distance is far from the focal plane, the
maximum/maxima is/are gradually ‘thrown out’ of the beam center; (b) for o, # 1 (the
X-type case), P, has two maxima in the transverse plane (which has a distance from the
focal plane). Also, for |o.| < 1, the two maxima in the —z; space are more likely to stay
in the second and fourth quadrants and, in the +z; space, to stay in the first and third
quadrants. For [o;| > 1, the trend is just the opposite; c) more interestingly, when o, #
1, the distribution pattern of P, rotates in a counterclockwise manner along the beam
propagation direction. This indicates that the X-type vortex leads to a rotation of the longitu-
dinal energy flow as the beam propagates. In the following, this rotational behavior will be
examined more deeply.

First of all, in order to characterize this rotational behavior quantitively, a rotational
angle ¢, isintroduced, as shown in Figure 3. ¢, is defined as the azimuthal angle of one
maximum point of p,. In this study, to remain consistent, this maximum point is always
chosen as the one near the +x; axis from the —z; space. In other words, first, we fix one
maximum point in the —z; space (the condition for this point is that it is near the +x;
axis), then we follow the position of this point as the beam propagates and record its ro-
tational angle ¢,. For instance, in Figure 3, the maximum point is the one in the fourth
quadrant and ¢, is about —37°. Thus, the variation in the rotational angle ¢, with the
beam propagation can be drawn, and, as shown in Figure 4, four curves of ¢, for o, =
0.1,0.5,2,and 10 are depicted. In this figure, the range is —141 < z; < 141 and the order
[ = 1. From this figure, the rotational behavior and its counterclockwise manner of the
longitudinal energy flow p, can be seen more clearly. The accumulated rotational angle
(here denoted by [ ¢,) from —141 to 142 is quite big, which is more than 100° in all
four of these cases. Also, this rotation can be manipulated by the propagation distance z;
and the anisotropic parameter o.. As |zs| increases and/or o, moves further from 1, the
rotational behavior becomes more obvious and the accumulated rotational angle [ ¢, be-
comes bigger: [ ¢, = 112.6° for . = 0.1,and 10 and [ ¢, = 100.4° for g, = 0.5,2. As |z|
approaches +w, [ ¢, is infinitely nearer to 180°. In addition, the curves for g, =
0.1 and 10 are the same except for a constant difference, which is also the case for o, =
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0.5 and 2. This is because, in each group, these two values of o, are reciprocal of each
other, and, according to Equations (1) and (2), replacing o, with 1/0, is equivalent to
exchanging the x and the y coordinates. Furthermore, one also can find that the curves
which are very near focus are very steep; this is mainly caused by the dramatic changing
of the wavefront spacings in the high NA system [40,41].

0 —— g,=0.1] o 150F —— 0,=10 M 1
50+ _ 9 - _
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o . 100} ]
N 0f ) : 3
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Figure 4. Variation in the rotational angle ¢, for the longitudinal energy flow p, with the beam
propagation. Here, (a) o, = 0.1,0.5; (b) o, = 2,10. In both plots [ = 1.

In the above analysis, the beam order [ is set as 1, and, here, we will show that
changing the order [ can also manipulate the rotational behavior of p,. The distribution
of p, along the propagation direction for the X-type vortex with order 2 (I = 2) isillus-
trated in Figure 5. By observing Figure 5 with Figure 2, we can find: a) for | = 2, the beam
center is always hollow, i.e., the energy of p, is mainly distributed around the beam cen-
ter, which is the main difference in the distribution of p, between! =2 and [ = 1. Fur-
ther, more generally, for any [ # 1, the distribution of p, always exhibits a hollow shape.
This result can be obtained directly from the expression of e,, e, and P, using Equa-
tions (9)—(15). Consider the simplest case o, = 1;from Equations (12) and (13) we can ob-
tain L) = Cx(y) Ji+1(kps sin @), with J4; being the first kind of Bessel function. This ex-
pression implies that, only when [ = 1, the e, and e, (also h,, and h,) will not be zero
along the z; axis (pg = 0) (note in this article ! € N). Therefore, p, (p; = 0) = 0 for any
[ # 1. Furthermore, since a property of the Bessel function is that, as [ increases, the radius
of the hollow part widens, which can be observed from the comparison of Figure 5 and
Figure 3. Although these two results can be derived from the properties of the Bessel func-
tion, they can be easily generalized to the case of o, # 1. b) The longitudinal component
p,in | = 2 also has a similar two maximum points and rotational behaviors to those in
I =1. For o, # 1, p, has two main maxima in the transverse plane instead of maximum
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rings of o, = 1, and the positions of the maxima are located in the same quadrants as in
in | = 1. More importantly, the distribution pattern of p, also rotates in a counterclock-
wise manner along the propagation direction, which is the same asitisin [ = 1.

y\

-4 X5/7‘ 4 Xs/l

xs/7‘

Figure 5. The longitudinal energy flow p, along the propagation direction: (a) o, = 0.5; (b) 0. = 1;
(¢) o, = 2.In all the plots [ = 2.

Similarly, the rotational angle ¢, for [ = 2 can also be drawn, as shown in Figure 6.
By comparing Figure 6 with Figure 4, one can see that the rotation for | = 2 goes more
smoothly as the beam propagates, and the accumulated rotational angle for [ = 2 is gen-
erally bigger than its corresponding one for [ =1, ie, [¢, (1 =2)=1175°> [¢, (I =
1) = 112.6° for 6., =0.1,10, and [ ¢, (I =2) =108.9°> [ ¢, (Il = 1) = 100.4° for o, =
0.2,5. Also, itis not hard to calculate that, as [ increases, this accumulated rotational angle
[ @, becomes slightly bigger.

9 0.=0.1 70/3 4497 o=10
L ¢ - J 150 c a 1
50 @ 0.=0.5 / 9/0 0,=2 /“V/ o3
o o 1001 /‘/ 1
s 07 1 & /
Va
/ 501 . ]
3/’ u/‘-'*/mﬂ/
=501 8/&))/6\ 1
. : ) A . : . ol \ . , ; . .
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zJ/h. zg/A
(a) (b)

Figure 6. Variation in the rotational angle ¢, for the longitudinal energy flow p, with the beam
propagation. Here, (a) o, = 0.1,0.5; (b) o, = 2,10. In both plots [ = 2.

3.2. Transverse Energy Flow along the Propagation Direction

Transverse energy flow is one of the characteristics of 3D vector optical fields. In ad-
dition to p,, the transverse energy flow, py, = (px, py), as it will be shown, can also rotate
with the beam propagating.

Figure 7 depicts the transverse energy flow p,, in different transverse planes along
the propagation direction. Here, the energy strength |p,, | is presented by different colors
and the direction of p,,; the flow lines are drawn by black lines with an arrow. It can be
seen that, firstly, the distribution of the transverse energy flow p,, for g. # 1 can also
rotate along the propagation direction, and this rotation can be found to be
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counterclockwise. This indicates that the X-type vortex can not only cause the rotation of the
longitudinal flow p,, but can also make the transverse energy rotate with the beam propagating.
Similarly, the rotation of the transverse energy flow can be measured quantitively by us-
ing the rotational angle ¢,, while ¢,, here, is defined with respect to the transverse en-
ergy distribution.

Figure 7. The transverse energy flow p,, along the propagation direction: (a)o, = 0.5; (b)o, =
1; (¢) o, = 2.Inall the plots | = 1.

The variation in the rotational angle ¢, for the transverse energy flow along the
propagation direction is drawn in Figure 8. One can see that the accumulated rotational
angle [ ¢, is slightly bigger than its corresponding longitudinal component, with [ ¢, =
119.9°for g, = 0.1,10 and [ ¢, = 116.6° for o, = 0.5, 2. It is worth noting that, although
the overall rotational tendency is counterclockwise, in the range of about |z| < A, p,,
will show a short clockwise rotation. Due to the limitation of the sampling points in Figure
7, this abnormal rotation cannot be seen. In Figure 9, the clockwise rotational behavior is
shown, and one can find that, in the range —0.84 < z; < 0.84, the accumulated clockwise
rotational angle is about —22.6° for g, = 0.1,10 and —36.9° for o, = 0.5, 2.

50f 9 o=01 {ﬁ“ 1 150F |—9— 0,=10 a0
& 505 o O g2 599
@
/ :
/
ol | | o\‘100- . 1
: . :
//
0‘/ 50t 1
= Y
5ol op/gg} | 9V
oo
1 1 ! L L L L 0 1 1 1 I 1 I L
-5 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
zg/A zg/A
(a) (b)

Figure 8. Variation in the rotational angle ¢, for the transverse energy flow p,, with the beam
propagation. Here, (a) o, = 0.1,0.5; (b) o, = 2,10. In both plots [ = 1.
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Figure 9. Same as Figure 8, but with more details in a narrower range (=24 < z; < 21).

Besides the effects of the propagation distance z; and the anisotropic parameter o,
on the transverse energy flow p,,, the beam order [, as we discussed for the longitudinal
energy flow, will also influence the rotational behavior of p,,. Figure 10 depicts the dis-
tributions of the transverse energy |p,,| along the propagation direction in the second-
order case (I = 2). It can also be seen that, generally, the transverse energy also rotates in
a counterclockwise manner as the beam propagates and, in Figure 11, the corresponding
rotational angle ¢, is shown, where the accumulated rotational angle [¢, =
123.9° for g, = 0.1, 10and [ ¢, = 116.8° for g, = 0.5,2 in the range —141 < z, < 144. We
should note that abnormal rotational behavior also exists in the second-order case, which
can be seen in Figure 12. It can be seen that this abnormal behavior is more complicated
than it is in the case of | = 1. When o, = 0.1, 10, the clockwise rotation is in a very narrow
range, about —0.21 < z; < 0.24; however, the accumulated rotational angle f @, is as big
as —70.0°, while, for a. =0.5,2, [ ¢, is about —18.4° within —0.81 < z; < 0.81. This
abnormal rotational behavior occurs in the range closer to the focal plane, which may be
caused by the redistribution of the topological structure of the transverse energy flow on
account of the X-type vortex; this redistribution will be discussed in the following part.

zg/A 0

—2r

Figure 10. The transverse energy flow p,, along the propagation direction: (a)o. = 0.5; (b)o, =
1; (c) o, = 2. In all the plots [ = 2.
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Figure 11. Variation in the rotational angle ¢, for the transverse energy |p,, | with the beam prop-
agation. Here, (a) o, = 0.1,0.5; (b) o, = 2,10. In both plots [ = 2.
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Figure 12. Same as Figure 11, but with more details in a narrower range (—24 < z; < 24).

In addition, here, we should note that the rotational angle ¢, describes the rotational
behavior of the transverse/longitudinal energy flow distribution (i.e., the energy flow ‘pat-
tern’), which is quite different from the ‘skew angle” observed in traditional vortex beams
[42,43]. The rotational behavior characterized by the ‘skew angle” denotes the direction of
rotation of the Poynting vector reflecting the orbital angular momentum effect of the vor-
tex beams, while the rotation behavior discussed in this article is a kind of ‘energy distri-
bution’ rotation essentially coming from the inconstant phase gradient of the X-type vor-
tex, which, as we discussed, cannot be observed in a traditional (canonical) vortex beam.
Furthermore, the energy flow in all of the above cases rotates in a counterclockwise man-
ner due to the positive charge in the X-type vortex. If the topological charge of the X-type
vortex is negative, i.e., g, < 0, and the charge is equal to —I (I € N), the energy flow will
rotate clockwise.

3.3. Transverse Energy Flow in the Focal Plane

The transverse energy flow p,,, including the flow lines (or the Poynting vectors)
and the energy distribution, in virtue of the X-type vortex, also can exhibit interesting
structures. Here, we will focus on the focal plane to examine these structures of the trans-
verse energy flow.

First, we will look at the case of | = 1. Figure 13 illustrates the transverse energy flow
on the focal plane for different values of the anisotropic parameter o., where the energy
strength is also denoted by color, and the black flow lines and the white arrows represent
the energy flow lines and the transverse Poynting vectors, respectively. It can be found,
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on one hand, that, when o, < 1 (plots (a) and (b)) there are two energy maxima located
on the x;-axis, while, as g, increases from 0.1, 0.5, 1, and 2 to 10, the energy maxima move
from the x;-axis to the ys-axis, and, especially in the case of conventional vortex (o, = 1),
the transverse energy is distributed uniformly along the azimuthal direction, i.e., there are
no longer any maximum points. On the other hand, the flow lines for the conventional
vortex (o, = 1) rotate around the beam center azimuthally and form circular shaped tra-
jectories, while, when o, # 1, i.e,, for the X-type vortex, the trajectories of these flow lines
around the beam center become elliptical. More specifically, the energy flow lines near the
outer sides of the maxima (such as the flow lines near |xs| > 0.84 in plot (a), and the flow
lines near |yg| > 0.84 in plot €) derivate from the azimuthal trajectories around the beam
center in the case of o, # 1, which implies that, although the topological charge of the
energy flow in the beam center does not change in virtue of the X-type vortex for [ =1,
the new Poynting singularities will be formed as o, changes, i.e., the topological structure
of the energy flow on the focal plane is changed. This redistribution of the topological
structure is more obvious and typical as [ gets bigger, and, here, we adopt the case of | =
2 as an example for further analysis, which is depicted in Figure 14.

Figure 13. The transverse energy flow in the focal plane for [ = 1: (a) o, = 0.1; (b) o, = 0.5; (¢) o, =
1; (d) o, = 2; (e) o, = 10.
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Figure 14. The transverse energy flow on the focal plane for | = 2: (a) o, = 0.1; (b) o, = 0.5; (¢) o, =
1; (d) o, = 2; (e) 0. = 10.
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The transverse energy flow p,, (with flow lines and vectors) in the focal plane with
the anisotropic parameter changing from 0.1, 0.5, 1, and 2 to 10 for [ = 2 is drawn in Fig-
ure 14. It can be seen that there exist three main singular points in the focal plane, the
‘original’ Poynting singularity at the beam center, ‘O’, and two (constructed) off-axis sin-
gularities “A” and ‘B’. When o, = 0.1 (plot (a)), points A and B are located on the xs-axis
with topological charge +1, while the point O has a charge of —1. As o, increases to 0.5,
the two off-axis singularities A and B move closer to the beam center, and, when o, ar-
rives at 1, the points A and B merge with original point O, resulting into a new singular
point O+ with topological charge +1, as shown in plot (c). This process obeys the conser-
vation law of topological events. While, as o, continues to increase, the singular point O-
splits into three singularities again, the off-axis singularities A and B no longer exist on
the x;-axis; instead, they are located on the ys-axis.

This topological event can be observed more obviously in a phase-type figure. Here,
we define a complex transverse Poynting field p,(ci,) as:

P =P tiP,, (16)
where p, and p, are still the x- and y-Poynting components, respectively. By applying

the equivalence of the vector field and its corresponding complex field, the topological

©

Xy *°
Here, the phase singularity of p,(cg,) is equivalent to the vector singularity of the Poynting
vector p,,, and, also, the topological charge of this phase singularity is equal to the charge
of the vector singularity. The contour plot of the phase of the complex transverse Poynting
field, arg[ pg,)] (here arg[-] means the argument or the phase of p,(c;)), isillustrated in Fig-

ure 15, where the intersections of different contours indicate the phase singularities of

structure of the Poynting vector field can also be described by the phase-structure of p

p,(c;), which also means the Poynting (vector) singularity of the transverse energy flow p,,,.
In order to observe the topological behavior more clearly, the plots with ¢, = 0.3 and
o, = 3 are added. The three main singular points A, B, and O are marked out in this fig-
ure, and it is easy to see that, as o, increases, the points A and B, both with charge +1,
move from the x;-axis to merge with point O with charge —1, then to be created again on
the ys-axis. In addition to these three singularities and their topological reaction, we can
also find other singularities in Figure 15, i.e., the points at the contour intersections around
points A, B, and O, namely ‘surrounding singularities.” As o, increases (Figure 15a—d), it
can be seen that these surrounding singularities will gradually annihilate each other and
disappear when o, = 1 (plot (d)), and, as o, continues to increase (Figure 15e—g), these
surrounding singularities emerge again with their positions having a 90° rotation. More
specifically, it is found that, for o, = 1, there is no surrounding singularity; instead, there
exists a ‘singularity ring,” i.e., an edge-type singularity (denoted in white in Figure 15d).
This means that the multi vortex-type singularities of the energy flow appearing in the
case of the X-type vortex will degenerate into a simple edge-type singularity for a canon-
ical vortex. Thus far, the topological structures and the related reactions in the focal plane
have been observed and analyzed. It is found that the topological structures change
greatly with the topological reaction on account of the X-type vortex. Consequently, the
transverse energy and flow directions are re-distributed, which implies that, by adjusting
the anisotropic parameter o,, one can realize the manipulation of the transverse energy
flows in the focal plane. Since the particle will move along the energy flow direction, the
multi-vortex-type singularities of the transverse energy flow may provide a method to
trap/rotate particles in the focal plane and transport them from one axis to another. It is
well-known that the energy distribution strongly depends on the singular points; there-
fore, the topological reactions also mean that the complicated topological structures and
related the transverse energy distribution in the transverse planes move nearer to the fo-
cus, which may be the reason for the abnormal rotation discussed in previous section.
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Figure 15. Contours of the phase of complex transverse Poynting field, arg[p,((;)] on the focal

plane for I = 2: (a) o, = 0.1; (b) 0. = 0.3; (¢) 0. = 0.;, (d) 0. = 1; (e) o, = 2; (f) 0. = 3; (g) o, = 10.

4. Conclusions

In this article, the energy flow in a 3D vector field constructed by strongly focusing
azimuthally-polarized beams with an X-type vortex is studied. It is found that, in virtue
of the X-type vortex, the energy flow, including the longitudinal component and the trans-
verse component, can rotate along the propagation direction. By adjusting the anisotropic
parameter o, and the vortex order [ of the X-type vortex, the location of the energy max-
ima and the rotation angle can be manipulated. Different from the longitudinal energy
flow, the transverse energy flow will rotate inversely (i.e., in a clockwise manner) in a very
short propagation distance near the focus, which may be caused by the complicated top-
ological structures in that range. The transverse energy flow in the focal plane is also dis-
cussed, and it is found that the energy distribution can show very distinguishing patterns
as the anisotropic parameter o, varies. Through defining a complex transverse Poynting
field and applying the equivalence principle in singular optics, the topological behaviors
of the transverse energy flow are analyzed, which shows that, instead of the simple edge-
type singularity existing in the canonical vortex case (o, = 1), many vortex-type singular-
ities emerge in the X-type vortex case, and their locations and topological reactions are
determined by the anisotropic parameter o,. This research not only explores the physical
properties of the X-type vortex, but also provides a method to construct a rotating energy
flow with beam propagating and to form tunable energy flows in the focal plane, which
may have applications in optical manipulations, such as rotating particles along the lon-
gitudinal or transverse directions, and in controlling the chirality of nanostructures
[44,45].
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