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Paraxial propagation of cosh-Airy vortex beams in chiral medium*
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Propagation dynamics of the cosh-Airy vortex (CAiV) beams in a chiral medium is investigated analytically with
Huygens—Fresnel diffraction integral formula. The results show that the CAiV beams are split into the left circularly polar-
ized vortex (LCPV) beams and the right circularly polarized vortex (RCPV) beams with different propagation trajectories in
the chiral medium. We mainly investigate the effect of the cosh parameter on the propagation process of the CAiV beams.
The propagation characteristics, including intensity distribution, propagation trajectory, peak intensity, main lobe’s inten-
sity, Poynting vector, and angular momentum are discussed in detail. We find that the cosh parameter affects the intensity
distribution of the CAiV beams but not its propagation trajectory. As the cosh parameter increases, the distribution areas
of the LCPV and RCPV beams become wider, and the side lobe’s intensity and peak intensity become larger. Besides, the
main lobe’s intensity of the LCPV and RCPV beams increase with the increase of the cosh parameter at a farther prop-
agation distance, which is confirmed by the variation trend of the Poynting vector. It is significant that we can vary the
cosh parameter to control the intensity distribution, main lobe’s intensity, and peak intensity of the CAiV beams without
changing the propagation trajectory. Our results may provide some support for applications of the CAiV beams in optical

micromanipulation.
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1. Introduction

The Airy packet is a solution of Schrédinger equa-
tion for a free particle.['! Since the Airy beams with fi-
nite energy were introduced theoretically and generated ex-
perimentally by Siviloglou and Christodoulides in 2007,1%]
the Airy beams have been extensively studied due to
their intriguing properties, including nondiffracting,*! self-
healing,® and self-accelerating!>3! properties. To date, ap-
plications of the Airy beams have been explored in opti-

7,8]

cal trapping,!®! curved plasma channel generation,!”-8! and

light bullet generation.[®!0]

The optical vortex also has
some interesting characteristics, such as phase singular-
ity, autofocusing properties, and vector structure,!!!l which
have been used in optical communication'?! and optical
micromanipulation.!'3] Recently, the propagation dynamics
of an optical vortex superimposed on Airy beams has be-
come a research hotspot. Mazilu ef al. have introduced the
accelerating vortices embedded in Airy beams by employ-
ing a spiral phase on a cubic phase pattern.['*! Dai et al.
theoretically and experimentally studied the propagation dy-
namics of Airy beams carrying phase singularity.!'>161 Sub-
sequently, the propagations of Airy vortex beams in uniax-

17-20] 22]

ial crystals, ! chiral medium,?!! gradient-index media,!

turbulence atmosphere,?*! and nonlocal nonlinear medium ]
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have been studied.

The chiral medium has broad applications in the non-
linear optics field due to its structure and optical properties. >
In nature, many materials can be considered as chiral media,
such as human tissue, medicinal materials, and certain types
of terrestrial vegetation layers.?%) Moreover, owing to the op-
tical activity, when a linearly polarized vortex beam is incident
on a chiral medium, it will be split into an LCPV beam and an
RCPV beam, which have different phase velocities and propa-
gation trajectories in a chiral medium.>”! Recently, the propa-
gations of various beams in a chiral medium have been inves-
tigated, such as vortex Airy beam,?!! first-order chirped Airy
vortex beam,[?8] Bessel-Gaussian beam,*’! Airy-Gaussian
vortex beam, 30! cos-Airy—Gaussian beam, BI1 and chirped
Airy—Gaussian vortex beam.*?! In this paper, we study the
paraxial propagation of the CAiV beams in a chiral medium.

The CAiV beams can be deemed as a superposition of
two Airy vortex beams with different decay factors and can
be generated by using spatial light modulation.**-331 Though
the propagation properties of cosh-Airy beams are similar to
those of the Airy beams, they possess more manipulation de-
grees of freedom than the corresponding Airy beams.*%! The
self-healing property of cosh-Airy beam partially blocked by
a finite opaque obstacle is better than that of the correspond-
ing Airy beam.”) In a word, the properties of the cosh-Airy
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beam are richer than those of the corresponding Airy beam.
The beam propagation factor of a cosh-Airy beam was stud-
ied to evaluate the quality of the beam. 3! The periodic phase
transition of the cosh-Airy beam was shown in a quadratic-
index inhomogeneous medium.**! The propagation of cosh-
Airy beams in free space and uniaxial crystal orthogonal to
the optical axis has been investigated. 3®#°1 But there has been
no report on the propagation of the CAiV beams in a chiral
medium so far. The investigation in the propagation of CAiV
beams in a chiral medium is conducive to understanding the
interaction mechanism of CAiV beams with a chiral medium.
In the rest of the present paper, we mainly investigate the in-
fluence of the cosh parameter on the paraxial propagation of
the CAiV beams in a chiral medium.

The rest of this paper is organized as follows. In Sec-
tion 2, the analytical propagation expression of the CAiV
beam through a chiral medium is obtained by the Huygens
diffraction integral formula. In Section 3, the effect of the cosh
parameter on different propagation properties of the CAiV
beams is demonstrated. Finally, in Section 4, we draw some
conclusions from this study.

2. The analytical expression for CAiV beams
through chiral medium
In the Cartesian coordinate system, the z axis is assumed

to be the propagation axis. At the initial plane, the electric

field amplitude of an incident CAiV beam in the coordinate

system can be described as follows: %3]

¢0(X07YOaZ = 0)

= A()Ai<xo> exp (axo) cosh <b >
w1 wi
x Al (yo) exp (ay0> cosh (byo)
w1 w1 wyp

x (0 —2xa) +i(vo —ya)]', (1)

518

where Ay is the amplitude of the CAiV beam, a denotes the ex-
ponential decay factor varying from O to 1 to ensure the finite
power of the CAiV beam, b is the parameter associated with
the cosh function, w; represents the beam width of the CAiV
beam, w; is the transverse scale associated with the cosh func-
tion, x4 and yq separately refer to the dislocation of the optical
vortex from the origin in the x and y axes, / is the topologi-
cal charge, Ai(-) is the Airy function, and cosh(+) is the cosh
function. The cosh function can be represented in the follow-
ing form:

cosh (bx> = ! {exp (bx) +exp (—bx)} . @
wa 2 172 wo

Substituting Eq. (2) into Eq. (1), we obtain the electric field

amplitude of the CAiV beams at the initial plane as follows:

o (x0,y0,2=0)

= [Ai(xo) exp (a+xo> + Ai(xo> exp (a_xo)]
Wi wi w1 wi
X {Ai<y()> exp (a+y0> + Ai(y0> exp <ay0)}
wi w1 wi w1

A
X ZO [(x0 —xa) +1(y0 —ya)]', (3)

where ar = a+d and @’ = bw; /w,, with @’ being the cosh
parameter. Hence, the CAiV beams can be deemed as a su-
perposition of two Airy vortex beams, which have different
exponential decay factors. Since a+ = a+a’ must be positive,
the cosh parameter a’ should be less than the decay factor a.
With the Huygens—Fresnel diffraction integral formula,
the propagation of the CAiV beams through an optical ABCD
system under the paraxial approximation can be determined as

follows: [41]
e
¢(X,y,z) - 27'[13/700 ¢0(x01y01Z_0)
ik
xexp{ZB[A(x(z)—l—yé)—Z(xxo—Fyyo)
+D( +y7)] }dxodyo, 4)

where A, B, C, and D are the elements of the transfer matrix
in a chiral medium. k = 27 /A denotes the wave number, with
A being the wavelength of the beams in free space. Substi-
tuting Eq. (3) into Eq. (4), we obtain the electric field ampli-
tude of the CAiV beams after propagating a distance z away
as follows: 2831

003,2) = 2 b (2) +va- (5.9 s (52) + (2]
+ 1 [tat (%,2) + tha— (x,2)] Vat (5,2) +Va—(3,2)]
_(xd + iyd) [ua-‘r (X,Z) + Ua— (X,Z)]

X [t (,2) +tta-(%2)] }, )
\/AT exp[Qu(s,2)] - Ai[Nax(s,2)], (6)

uai(saz) =

Vat (S,Z) = \/Zexp[Qa:t (S,Z)] { [Ma:t (S>Z)] Ai[Na:t (S7Z)]

- kfwl Ai’[Nai(s,z)]}, )
Qui(5:2) = _21%3% j% (ZCI?JF 2iiB>S2

- 2:2251‘1‘ * 21;:5@ * 121/?1343 wl’ ®
Ma(5,2) = = iZijl e 2k2}j\22w31" ©
Nos(s,g) = —bo o sB (10)
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in which Ai’(-) denotes the derivative of Airy function, and
s=xory.

Then, the ABCD transfer matrix of the optical system in
the chiral medium can be described as

(A(L> By, ) _ (1 Z/”<L>>

AR B 1 z/n

® Br) ) _ ®) 1
(QR) D<R>> (0 1 ) (v

where the subscripts L and R denote the LCPV and
RCPV beams, respectively, n() = no/(1+noky) and ng) =
no/ (1 —noky) respectively represent the refractive indices of
the LCPV and RCPYV beams, ny is the original refractive index
of the chiral medium, and 7 is the chiral parameter. Substitut-
ing Eq. (11) into Eq. (5), we obtain the electric field amplitude
of the LCPV beams to be ¢ (x,y,z) and that of RCPV beams
to be @(r) (x,y,7) in the chiral medium. The electric field dis-
tribution of the LCPV and RCPV beams can be expressed as

ELr)(X,3,2) = oL Rr)(x,,2) exp(ikz). (12)
Thus, the total electric field can be written as
E(Xa)’:Z):E(L)(xay72)+E(R)(X’Y»Z)- (13)

The total intensity of the CAiV beams propagating in the chi-
ral medium can thus be expressed as

1= |Eq)(x32)|” + [Eg) (6.,2) > + Fne (14)

X10-3

I5.5

d (al)

with
fine = E(L) (x7y7Z)EEkR) (x,y,z) +E(*L) (x,y,z)E(R) (X,y,Z). (15)

3. Numerical calculations and analyses

With the analytical expression of the electric field, we fur-
ther investigate the propagation properties of the CAiV beams
through a chiral medium, with parameters chosen tobe Ag =1,
a=0.1, wy =wy; =01 mm, x4 =y¢4 = —03 mm, [/ =1,
A =633nm, and ng =3. zr = kw%/Z = 49.6302 mm is the
Rayleigh range.

In Fig. 1, the intensity and phase distributions of the
CAiV beams with different cosh parameters are simulated at
the initial plane. When &’ = 0, the CAiV beam decreases to
the Airy vortex beam. According to Figs. 1(al)-1(a3), we can
find that the intensity of the side lobes of the incident beams
strengthens with the increase of the cosh parameters, so the
CAiV beam has a bigger side lobe’s intensity than the corre-
sponding Airy vortex beam. Furthermore, there are no distinct
changes of the phase distributions with the modulation of the
cosh parameters as shown in Figs. 1(b1)—1(b3). Therefore, the
cosh parameters have a great influence on the intensity distri-
butions of the CAiV beams but barely on their initial phase

distributions.

Fig. 1. (al)—(a3) Intensity distributions and (b1)—(b3) corresponding phase distributions of the CAiV beams at the initial plane z =0, a’ = 0,

0.05, and 0.08, respectively.

Figures 2 and 3 show the intensity distributions of the
LCPV and RCPV beams with different cosh parameters at dif-
ferent propagation distances. It is obvious that the cosh pa-
rameters have a significant influence on the intensity distri-
butions of the CAiV beams. Figures 2(al)-2(a4) and 3(al)—
3(a4) show the evolutions of the LCPV and RCPV of Airy
beams propagating through a chiral medium respectively. As
we can see, the main lobe of the Airy vortex beam moves
along a parabolic trajectory, and the intensity of the main lobe

becomes weak with the increase of the propagation distance.

Moreover, the acceleration of the LCPV beams is much big-
ger than that of the RCPV beams propagating through the chi-
ral medium. The evolution characteristics of CAiV beams are
similar to those of the Airy vortex beams in a chiral medium.
Making a comparison among the first—third rows in Fig. 2, one
can see that as the cosh parameters increase, the distribution
areas of the LCPV beams become wider and the intensity of
the side lobe becomes larger. At a shorter propagation dis-
tance (1zr), the increasing side lobes mainly concentrate at the
position away from the main lobe.
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(a2) z=10zr
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Fig. 2. Transverse intensity distributions at different propagation distances for LCPV beams with @’ = 0 [(al)—(a4)], @’ = 0.05 [(b1)=(b4)], a’ = 0.08

[(c1)—(c4)], and y = 0.16/k.

X103

l3.3

£

Fig. 3. Transverse intensity distributions at different propagation distances for the RCPV beams with ' = 0 [(al)—(a4)], @’ = 0.05 [(b1)—~(b4)], a’ = 0.08

[(c])—(ch)], and y=0.16/k.

While, at the farther propagation distance (30zr), the in-
creasing side lobes are mainly distributed in the neighborhood
of the main lobe. Furthermore, the intensity of the LCPV
beams becomes more evenly distributed with the cosh param-
eters increasing. Similarly, from Fig. 3, it is easy to find that
the effect of the cosh parameter on the intensity distributions
of the RCPV beams is the same as that of the LCPV beams.
However, the evolution speed of the RCPV beams is much
slower than that of the LCPV beams. Compared with the Airy
vortex beam, the CAiV beam has very uniform and wide in-

tensity distribution.

Following Figs. 2 and 3, we numerically simulate the
propagations of the total beams with different cosh parameters
in the chiral medium as shown in Fig. 4. From Figs. 4(al)—
44(cl) and Figs. 4(a2)-4(c2), it is not difficult to find that the
intensity patterns of the total beams are similar to the patterns
of the LCPV and RCPV beams at a shorter propagation dis-
tance. With the increase of the propagation distance, the inten-
sity pattern of the total beams will be gradually split into two
Airy-like patterns due to the relative speed between the LCPV
beams and the RCPV beams, which is shown in Figs. 4(a3)—
4(c3) and Figs. 4(a4)-4(c4). Comparing Figs. 4(a3)—4(ad)
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with Figs. 4(c3)—4(c4), we can find that the larger the value
of @', the larger the intensity of the total beams will be. The
total intensity of the CAiV beam is larger than that of the cor-
responding Airy vortex beam.

The propagation trajectories of the LCPV beams, RCPV
beams, and total beams with different cosh parameters are pre-
sented in Fig. 5. As we can see, the propagation trajectories
of the LCPV beams, RCPV beams and total beams are ap-
parently different. A comparison between Figs. 5(al)-5(cl)

z/mm z/mm

and Figs. 5(a2)-5(c2) shows that the acceleration of the LCPV
beams is much bigger than that of the RCPV beams. Mak-
ing a comparison among the first—third rows in Fig. 5, we can
find that with the cosh parameters increasing, the side-view
intensities of the LCPV beams, RCPV beams and total beams
are strengthened significantly at a farther propagation distance.

While the cosh parameters will not affect the propagation tra-

jectory of the CAiV beams.

z/mm

Fig. 4. Transverse intensity distributions at different propagation distances for the total beams with @’ = 0 [(al)-(a4)], @’ = 0.05 [(b1)-(b4)], d’ = 0.08

[(c1)~(c4)], and ¥ = 0.16 /k.

X103

I5.5

o (

al)

20

z/zr

40

40
z/zr

20 40
z/zr

Fig. 5. Side-view intensity pattern of the LCPV beams, RCPV beams, and total beams with different cosh parameters, respectively, for @’ = 0 [(al)—(a3)],

a =0.05 [(b1)~(b3)], d =0.08 [(c])~(c3)], and y=0.16/k.
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Fig. 6. Intensity distributions of (al) LCPV beams, (a2) RCPV beams, (a3) interference term, and (a4) total beams varying with x for
different cosh parameters propagating in chiral medium in near-field space for z = 1zr.
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Fig. 7. Intensity distributions of (al) LCPV beams, (a2) RCPV beams, (a3) interference term, and (a4) total beams varying with x for different

cosh parameters propagating in chiral medium in far-field for z = 30zr.

In order to further analyze the influence of the cosh pa-
rameters on the evolution characteristics of the CAiV beams,
in Figs. 6 and 7, we show the intensity distributions of the
CAIiV beams varying with x in near and far-field space respec-
tively. In Figs. 6(al), 6(a2), and 6(a4), in the near-field space,

one can see that with the increase of the cosh parameter @', the

side lobe’s intensities of the LCPV beams, RCPV beams and
total beams will strengthen, while the main lobe’s intensity of
the beams will not change. On the contrary, in the far-field
space, when the cosh parameter @' increases, both the main
lobe’s intensity and side lobe’s intensity of the LCPV beams,

RCPV beams, and total beams will become larger as displayed
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in Figs. 7(al), 7(a2), and 7(a4). Moreover, the intensity of the
CAiV beams increases more in the far-field than that in the
near-field as the cosh parameters increases. In Fig. 6(a3), in
the near-field, the value of the negative intensity of the inter-
ference term will increase with the cosh parameter increasing.
However, in the far-field, both the positive and negative inten-
sity of the interference term will increase with the increase of
the cosh parameter as depicted in Fig. 7(a3). The interference
effect is more significant in the far-field than that in the near-
field.

Figure 8 shows the plots of the main lobe’s intensity dis-
tributions of the LCPV and RCPV beams for different cosh pa-
rameters at different propagation distances, respectively. From
Figs. 8(a) and 8(b), we can see that the cosh parameter has the
same influence on the main lobe’s intensity distributions of
the LCPV and RCPV beams. For the LCPV beams, when the
propagation distance is less than 10zr, the cosh parameters will
not affect the main lobe’s intensity distribution. While, when
the propagation distance is greater than 10zr, the main lobe’s
intensity of the LCPV beams will increase with the cosh pa-
rameter increasing. In addition, we find that when &’ = 0, for
the Airy vortex beam, the main lobe’s intensity of the LCPV

3.0
‘l (a) LCPV, v=0.16/k
Q 2.5 —a—a' =0
> —e—a'=0.05
‘@ 2.0f ——a'=0.08
g
E o157
2
g 1.0
=

0O 10 20 30 40
z/zr

and RCPV beams will gradually decrease with the increase
of the propagation distance. However, when a’ = 0.08, for
the CAiV beam, the main lobe’s intensities of the two beams
initially decrease and then increase with the propagation dis-
tances increasing. So we can control the main lobe’s intensity
of the CAiV beams by changing the cosh parameter a’.

The peak intensity distributions of the LCPV beams,
RCPV beams, and total beams with different cosh parame-
ters at different propagation distances are presented in Fig. 9.
Here the peak intensity is the maximum value of the intensity
in the transverse intensity pattern. From Figs. 9(a)-9(c), it is
not difficult to find that the cosh parameter has the same influ-
ence on each of the peak intensity distributions of the LCPV
beams, RCPV beams, and total beams. As the cosh parame-
ter increases, the peak intensity of the CAiV beams increases.
For a’ = 0.08, the maximum of the peak intensity of the LCPV
beams appears at the farther propagation distance z = 30zr.
While the maximum of the peak intensity of the RCPV beams
and that of total beams are located at the initial position. Ow-
ing to the cosh parameter, the peak intensity of the CAiV beam
is larger than that of the corresponding Airy vortex beam.

3.0
» (b) RCPV, v=0.16/k
S 2.5t —a—a' =0
= —e—a'=0.05
.*5 2.0F —a—a’'=0.08
o
g
k= 1.5
2 10t
3 .0
= L
= 0.5
= L

0 25 50 75 100
z/zr

Fig. 8. Main lobe’s intensity distributions of (a) LCPV beams and (b) RCPV beams for different cosh parameters propagating in chiral medium.

7 25
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o —=—a' =0 o , S 9ot —=—a =
= ——a'=0.05 26 0, =005 2 ——a'=0.05
> 6 —a—a'=0.08 e u“"“\—:‘a\:‘iif‘ : ——a'=0.08
2 = % 157
w0 12 wn
E E R
o 2r 54 s st
[0} @] )
oW oW A

O 1 1 3 1 1 O 1 1

10 20 30 0 10 20 30 0 10 20 30
z/zr z/zr z/zr

Fig. 9. Peak intensity distributions of (a) LCPV beams, (b) RCPV beams, and (c) total beams for different cosh parameters propagating in

chiral medium.

Finally, we study the Poynting vector and angular mo-
mentum of the CAiV beams through the chiral medium with
different cosh parameters. The Poynting vector is the rate of
electromagnetic energy flow per unit area, which is defined as
s = (c/4n)E x B,!*?! where c is the speed of light, E and B
are the electric and magnetic field, respectively. In the Lorenz
gauge, the time-averaged Poynting vector of an %-polarized

field can be written as[43:44]
c
S\= _—(ExB
(S) 47r< X B)
c . L
= H(“"(‘PVL(P — 0"V 0)+20k|0|*e.), (16)
where
V —ie _i'_ie
1= Ox X 8)7 ys
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in Fig. 10, we numerically simulate the transverse Poynting

ey, ey, and e; are the unit vectors in the x, y, and z directions,

vector of the LCPV beams with different cosh parameters at

respectively, and o is the angular frequency. From Eq. (16),

From Figs. 10(a3)-10(c3) and
Figs. 10(a4)-10(c4), we can see that as the cosh parameters in-

different propagation distances.

it is not difficult to find that the energy flow in the z direc-

tion is proportional to the light intensity, which can be influ-

enced by the cosh parameter serving as the intensity distribu-

crease, the higher transverse energy flow moves along the di-

tion. Because the variation trend of the transverse Poynting
vector for the LCPV beams is similar to that of the RCPV

rection of the main Airy peak (45°), which verifies the increase

of main lobe’s intensity with the cosh parameter increasing at

beams, we mainly discuss the effect of the cosh parameter on
the transverse Poynting vector of the LCPV beams. As shown

a farther propagation distance for the CAiV beam.

7

7
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\
\
\
\

7
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10zr [(a2)—(c2)],

= lzr [(al)—(c])],

Fig. 10. Transverse Poynting vector of the LCPV beams propagating in the chiral medium at the positions: z

(c4)], and y=0.16/k.
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Fig. 11. Longitudinal angular momentum densities at different propagation distances for the LCPV beams with @’ = 0 [(al)—(a4)], d’

[(b1)—~(b4)], ' = 0.08 [(c1)~(c4)], and ¥

0.16/k.
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As is well known, (J) =r x (E x B), from which it fol-
lows that the time-averaged angular momentum density in the

ezis[45’46]
J(x,y,2) =rx(ExB)=i(x-S,—y-Sy), a7
where
_ 09 00 00 .99
Sx_(pax ox’ Sy_(Pay dy’

Figure 11 shows the longitudinal angular momentum densities
of the LCPV beams with different cosh parameters at differ-
ent propagation distances in a chiral medium. A comparison
among the first—third rows in Fig. 11 shows that as the cosh pa-
rameter increases, the angular momentum density of the main
lobe disappears, and the angular momentum density gradu-
ally concentrates to the side lobe. Moreover, the value of the
angular momentum density of the LCPV beams will become
greater with the increase of cosh parameters.

4. Conclusions

In this paper, the propagation of the CAiV beams in a
chiral medium is investigated. We numerically simulate the
intensity distribution, propagation trajectory, peak intensity,
main lobe’s intensity, Poynting vector, and angular momen-
tum of the CAiV beams with different cosh parameters in a
chiral medium. Our results show that the cosh parameters
have the same effect on the intensity distribution of the LCPV
and RCPV beams. As the cosh parameters increase, the dis-
tribution areas of the LCPV and RCPV beams become wider,
and the side lobe’s intensity and peak intensity become larger.
While, the cosh parameters will not affect the propagation tra-
jectory of the LCPV beams nor RCPV beams. By introducing
the cosh parameter, the side lobe’s intensity of the Airy vor-
tex beams increases, which improves the trapping capability
of the Airy vortex beams at the side lobes significantly. More-
over, as the cosh parameter increases, the main lobe’s intensity
of the LCPV and RCPV beams increase at a farther propaga-
tion distance. Therefore, without the propagation trajectory
changed, one can adjust the cosh parameters to control inten-
sity distribution, the main lobe’s intensity, and peak intensity
of the CAi1V beams in the chiral medium to meet the actual
usage. Finally, the Poynting vector and angular momentum
of the CAiV beams through the chiral medium with different
cosh parameters are discussed. We find that higher transverse
energy flow moves along the direction of the main Airy peak
for the CAiV beams with the increase of cosh parameters. We
believe that our investigation is valuable for fully exploring
the possibility and functionality of the CAiV beams in optical
manipulation.
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