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In this article, we investigate the energy flow redistributions of azimuthally polarized Bessel
—Gaussian beams in the focal field by modulating the phase of the phase plate and the topological
charge of the phase plate. The results indicate that an increase in phase change parameter will cause
the energy flow distribution to shift towards the positive direction of the coordinate axis and result
in energy flow separating, while an increase in m will gradually concentrate energy into the center
area of the energy flow. The change in phase distribution will affect the shape of energy flow dis-
tribution and rotating the phase plate will also bring about changes in the energy flow distribution.
These phenomena may contribute to particle capture and transport.
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1. Introduction

The study of energy flow distribution has attracted the attention of many researchers,
BEKSHAEV provided a detailed explanation of the phenomenon of internal energy re-
distribution in light beams [1]. And an increasing number of researchers have conduct-
ed research on the energy flow distribution of different beams [2-9]. Jia0 et al., studied
the influence of sector shaped obstacles on the transverse energy flow distribution of
diagonally polarized light and utilized sector shaped obstacles to change the partial po-
larization state of the focal field [10]. DENG et al., studied the energy flow and angular
momentum distributions of Airy beams under different conditions and found that di-
mensionless perturbation parameters have an impact on Airy beams [11]. WANG et al.
used a coupling mode of mixed phase and Gaussian amplitude array to change the energy
flow distribution of the Airy beam [12]. MAN ef al. studied the energy flow distributions
of azimuthally polarized beam and radially polarized beam separately by changing the
phase mask method [13,14]. L1 ef al. studied obtaining continuous negative energy
flow by adjusting the polarization distribution of the input beam [15]. GoNG used off
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axis vortices to disrupt the symmetry of the focal field and multiple vortices to achieve
polygonal energy flow distribution [16]. KHONINA can reconstruct the energy flow dis-
tribution by changing the characteristics of the vortex beam [17]. Gao et al. studied the
effect of different phase masks on the redistribution of energy flow in the focal field [18].
However, currently there is limited research on angle polarized Bessel-Gaussian
beams with variable phase modulation.

In this article, the energy flow redistributions in the focal field of an azimuthally
polarized Bessel-Gaussian beam modulated by phase plate will be discussed, includ-
ing changing the phase change parameter, the topological charge of the phase plate and
numerical aperture (NA) of this focusing system.

2. Theory

As shown in Fig. 1, an azimuthally polarized Bessel-Gaussian beam is modulated by
a phase plate and then focused by objective lens.

The structure of the phase plate is shown in Fig. 2, which provides different phase
only on the right half of the phase plate. One effective method for modifying the phase
of each zone is using a spatial light modulator (SLM). This approach is seen more cap-

cylindrical vector beam phase plate NA objective lens

Fig. 1. Schematic of the studied system.

V'

Fig. 2. Structure of the phase plate.
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tivating and widely embraced due to its inherent capability of offering dynamic and
programmable modulations.

The incident beam is an azimuthally polarized Bessel-Gaussian beam and it can
be represented as

E(9) = Aexp[—ﬁz(ﬂﬂ Jl(zﬁ Sine)eq) (1)

sina sina

where 0 is the convergence angle, and 0 € [0, arcsin(NA)]. NA is the numerical ap-
erture of this focusing system and 4 is the amplitude constant. J; is the first order Bessel
function of the first kind. The maximum convergence angle is a and the waist of the
beam is S.

The variant phase of the phase plate can be written as:

(Dtan@sing + 1), >0
(0, 9) = Y g @)
0, y'<0

where ¢ is the azimuthal angle. (x', y") and (6, @) are the Cartesian and equivalent polar
coordinates over the pupil, respectively. D is the phase change parameter.

Based on the vector diffraction theory [19,20], the electric field distribution in the
focal region can be written as:

E(p,y,z) = A”E(&)[(—singo)x + (cosp)y+0 - z} sinf./cosf exp(ig)
Q

x exp(imp)exp [fikp sinfcos (¢ — y/)] exp(—ikzcos0)dOde
(3)

where k& =2mn/ is called wave number. 4 is the wavelength of the incident beam and
m denotes the topological charge of the phase plate.
The magnetic field distribution in the focal region can be represented as:

H = k,xE 4)
where the unit vector of the wave vector is denoted as k;, and it can be written as:

k, = (—sinfcosgp, —sinfsing, cosd) %)
So the Poynting vector can be represented as [20,21]:

C

S =
8

Re[E x H*] (6)

3. Numerical results

The distributions of the energy flow at focal plane under different phase and different
numerical aperture are simulated in accordance with the formula above. In this article,
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the parameters are selected as follows: the waist of the beam £ = 1.5, and the wave-
length 2 = 632.8 nm.

First of all, under the condition of NA = 0.8 and m = 0, Fig. 3 illustrates the trans-
verse energy flow distribution by modulating D. When D = 0, the energy flow distribu-
tion is divided into two parts, and most of the energy is concentrated in the two crescent
shaped regions (Fig. 3(a)). The energy flow in the left half is counterclockwise, while
the energy flow in the right half'is clockwise. When D increases from 0 to 1, the energy
flow distribution becomes a whole and shows an elliptical distribution (Fig. 3(b)) and
the energy flow is counterclockwise. When D continues to increase to 3, the shape of
the energy flow distribution undergoes a significant change, exhibiting a distribution
of upper and lower parts (Fig. 3(c)). When D = 5, the energy flow distribution continues
to move in the positive direction of the y-axis, and the energy is mainly concentrated in
the lower half (Fig. 3(d)). It is worth noting that in these cases, the energy flow is com-
posed of two clockwise flow rings and one counterclockwise flow ring (Fig. 3(c)-(d)).
Overall, as D increases, the energy flow distribution gradually shifts towards the pos-
itive y-axis and eventually separates into two parts, with the shape of the energy flow
distribution undergoing significant changes. In addition, it can be seen that compared
with the energy flow distribution presented in two parts when only phase delay m is
added, the energy flow distribution shown in Fig. 3 gradually separates into two parts
from a whole at the beginning with the increase of D [17].
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Fig. 3. Transverse energy flow distribution by modulating D. (For explanation, see the text.)



Energy flow redistributions of azimuthally polarized Bessel-Gaussian beam... 427

Sx+
1 3000 pree 1
(b)
0.8 0.8
) 0.6 T @ 0.6
= = 0
= 0.4 X 0.4
0.2 0.2
00 0 -3000 0
-3000 1} 3000 -3000 0 3000
x(nm)
3000 1 3000 1
0.8 o~ 0.8
E E T
- 04 = 0.4
0.2 0.2
-3000 0 -3000 0
-3000 0 3000 -3000 0 3000
x(nm) x(nm)

Fig. 4. Transverse energy flow distribution by modulating m. (For explanation, see the text.)

In order to further investigate the influence of vortices on energy flow distribution,
we change the value of topological charge m. Under the condition of NA = 0.8 and
D =1, Fig. 4 illustrates the transverse energy flow distribution by modulating m. When
m = 0, the energy flow distribution exhibits an elliptical distribution (Fig. 4(a)). When
m =1, the energy flow distribution moves in the positive y-axis direction (Fig. 4(b)).
When m = 3, the energy flow distribution consists of two parts: upper and lower, and
the energy is mainly concentrated in the lower part (Fig. 4(c)). When m = 5, the energy
continues to converge in the lower part (Fig. 4(d)). In Fig. 4, the energy flow is counter-
clockwise. In summary, as the topological charge number m increases, energy also
gradually concentrates in the central region. By comparing Fig. 3 and Fig. 4, it can be
observed that an increase in the phase change rate D and an increase in the topological
charge number m will both gradually converge the energy.

In order to further investigate the influence of different NA on the energy flow dis-
tribution, we fix the value of D and m. Under the condition of D =5 and m = 0, Fig. 5
illustrates the transverse energy flow distribution by modulating NA. When NA = 0.7,
the upper energy flow density is small, and energy is mainly concentrated in the central
region (Fig. 5(a)). When NA = 0.75, the range of energy flow distribution becomes
smaller (Fig. 5(b)). As NA continues to increase to 0.8, the density of the upper energy
flow decreases (Fig. 5(c)). As NA increases, the density of the energy flow on the upper
part continues to decrease and the energy in the central area gradually concentrates
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Fig. 5. Transverse energy flow distribution by modulating NA. (For explanation, see the text.)

(Fig. 5(d)-(f)). Overall, as NA increases, the range of energy flow distribution gradu-
ally becomes smaller, which also means that the energy flow density decreases at the
edge and energy gradually converges to the center area of energy flow distribution. In
Fig. 5, the energy flow is composed of one counterclockwise flow ring and two clock-
wise flow rings. In addition, different from that of ordinary vortex phase modulation,
the energy flow exhibits a circular distribution.

For the purpose of better understanding the role of phase plate, we change the phase
of the phase plate:

5(0.0) = {(Dtan@ sing)t, y'>0 )

0, p'<0
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Fig. 6. Transverse energy flow distribution by modulating D. (For explanation, see the text.)

Under the condition of NA = 0.8 and m = 0, Fig. 6 illustrates the transverse energy
flow distribution by modulating D. When D = 0, it can be seen that the peak area still
appears in the central area. And the energy flow in the left half is clockwise, while the
energy flow in the right half is counterclockwise (Fig. 6(a)). When D = 1, the energy
flow distribution is in the shape of a four-bladed ventilator and the energy flow direc-
tion is composed of two clockwise flow rings and two counterclockwise flow rings
(Fig. 6(b)). When D = 3, the energy flow distribution consists of two parts: the upper
and the lower parts, with the energy mainly concentrated in the lower part (Fig. 6(c)).
When D = 5, the upper part of the energy flow distribution moves towards the positive
direction of the y-axis and gradually moves away from the lower part (Fig. 6(d)). At
the same time, the energy continues to converge in the lower part. In Fig. 6(c) and (d),
the energy flow is composed of two clockwise flow rings and one counterclockwise
flow ring.

Under the condition of NA = 0.8 and D = 1, Fig. 7 illustrates the transverse energy
flow distribution by modulating m. When m = 0, the energy flow distribution is in the
shape of a four-bladed ventilator and the energy flow direction is composed of two
clockwise flow rings and two counterclockwise flow rings (Fig. 7(a)). When m =1,
energy tends to gradually accumulate (Fig. 7(a)). When m = 3, the energy flow exhibits
a circular distribution, and the energy is mainly concentrated in the lower half of the
ring (Fig. 7(c)). When m =5, the energy tends to further converge (Fig. 7(d)). In
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Fig. 7. Transverse energy flow distribution by modulating m. (For explanation, see the text.)

Fig. 7(c) and (d), the energy flow is composed of one clockwise flow ring and one coun-
terclockwise flow ring. Comparing Fig. 6 and Fig. 7, it can also be observed that an
increase in phase change rate D and an increase in topological charge number m will
gradually converge the energy.

In order to further investigate the variation of energy flow distribution along the
x-axis, we change the phase of the phase plate and it can be written as:

Dtané cosg)m, >0
$(0, p) = {( Y ®)
0, y'<0

Under the condition of NA = 0.8, Fig. 8 illustrates the transverse energy flow dis-
tribution by modulating D in Eq. (8). When D = 0, the energy flow distribution showed
in Fig. 8(a) is the same as Fig. 6(a). When D = 1, the energy flow distribution is dumb-
bell shaped (Fig. 8(b)). When D rises to 3, the energy flow distribution is divided into
two parts: left and right, and the density of the energy flow on the right part of the energy
flow distribution decreases and moves towards the positive x-axis direction (Fig. 8(c)).
When D =5, the distance between the left part and the right part of the energy flow
distribution continues to increase and the energy gradually concentrates to the central
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Fig. 8. Transverse energy flow distribution by modulating D. (For explanation, see the text.)

area of energy flow (Fig. 8(d)). In Fig. 8(b)-(d), the energy flow is composed of two
counterclockwise flow rings and two clockwise flow rings.

Finally, we change the range of phase distribution on the phase plate to study the
changes in energy flow distribution. The first row of Fig. 9 shows four different phase
masks. The second row shows four energy flow distributions when NA = 0.8, m =0,
and D = 0, the third row shows four energy flow distributions when NA = 0.8, m = 0,
and D = 1, the fourth row shows four energy flow distributions when NA = 0.8, m = 0,
and D =3, and the fifth row shows four energy flow distributions when NA = 0.8,
m=0, and D=35. Figure 9(al)-(a4) have been analyzed in Fig. 3. Comparing
Fig. 9(b1l) with Fig. 9(al), it can be observed that after rotating Fig. 9(al) counter-
clockwise by 90°, Fig. 9(b1) can be obtained, and the number and direction of energy
flow rings remain unchanged. When D = 1, as shown in Fig. 9(b2), the energy flow
distribution consists of upper and lower parts, which is significantly different from
Fig. 9(a2). As D gradually increases to 5, the energy also tends to gradually converge
to the central part. It is worth noting that unlike Fig. 9(a2)-(a4), the energy flow in
Fig. 9(b2)-(b4) consists of two clockwise and two counterclockwise rings. Next, we
also found that in the case of a centrally symmetric phase mask, Fig. 9(c1)-(c4) and
Fig. 9(al)-(a4), Fig. 9(b1)-(b4) and Fig. 9(d1)-(d4) have the same energy flow distri-
bution, respectively.
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Fig. 9. Changes in energy flow distribution depending on the phase distribution on the phase plate. (For
explanation, see the text.)

4. Conclusions

This article investigates the energy flow redistributions of azimuthally polarized Bessel
—Gaussian beams in the focal field by changing the phase of a phase plate, the topo-
logical charge of the phase plate and NA. Firstly, we investigate the effect of phase
change parameter on the energy flow distribution: when the azimuthal phase distribu-
tion is sinusoidal, the energy flow distribution gradually moves towards the positive
y-axis direction with the increase of D and gradually separates into two parts. When
the azimuthal phase distribution is cosine, the energy flow distribution gradually
moves towards the positive x-axis direction with the increase of D and tends to separate
into two parts. Secondly, we investigate the effect of NA on the energy flow distribu-
tion: the range of energy flow distribution gradually becomes smaller with the increase
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of NA, and energy gradually converges to the center area of energy flow. Thirdly, when
adding vortex phase modulation to the phase plate, the energy also shows a trend of
gradually concentrating with the increase of topological charge m. Finally, when the
phase plate is rotated, the energy flow distribution also changes. It is worth mentioning
that when the two phase plates are symmetrically centered, their energy flow distribu-
tion is the same. In addition, the change in phase distribution will affect the shape of
energy flow distribution. Overall, these unique distributions may be helpful for particle
capture and transport.
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