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Propagation properties of chirped Airy vortex beams with
x-polarization through uniaxial crystals*
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The propagation dynamics of a chirped Airy vortex (CAiV) beam with x-polarization in uniaxial crystals orthogonal
to the optical axis is studied analytically and numerically. The effect of the ratio of extraordinary and ordinary refractive
indices, the chirp parameter, as well as the propagation distance is analyzed, which shows that the focused position of the
CAiV beams can be controlled through changing the ratio of the extraordinary and ordinary refractive indices. In addition,
with the propagation distance increasing, the asymmetry of the intensity and the angular momentum of the CAiV beam
during propagation becomes much more visible. The variation of the chirp parameters can change the attenuation velocity

of the vortex as well.
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1. Introduction

Ever since Airy wave packets, which are a solution of the
Schroédinger equation in the background of quantum mechan-
ics, were first discovered by Berry 11 research on these beams
has advanced rapidly. The Airy beam can heal itself after be-
ing obscured by an obstacle.’l What is more, these beams
have a self-bending property as well as acceleration. > In prac-
tice, single solitons and soliton pairs can be produced during
the interactions of similar Airy beams and nonlinear acceler-
ating beams through Kerr and saturable nonlinear media.*>!
In addition, the optical vortex is gradually noticed.!®! A vor-
tex beam is a laser beam which contains a continuous spiral
phase distribution.”! Subsequently, the propagation dynam-
ics of Airy vortex (AiV) beams, Airy Gaussian vortex (AiGV)
beams and circular Airy vortex beams have been explored the-

8-101 Tn this paper, we add the

oretically and experimentally.!
chirp parameter on the basis of the AiV beams. Chirp is a phe-
nomenon in which the signal changes frequently over time, the
frequency spectrum will be widened before and after the pulse
due to modulation.!"!l The chirp has been applied for phase
modulation when the beams propagate in different media.!'?!
The chirp parameter is used to describe this phenomenon.
Different from other isotropic medium, the uniaxial crys-
tal is an anisotropic material that has unusual peculiarities. 3!
Uniaxial crystal is always used in the design of optical devices
because of its anisotropy impacting the polarization of light. In
2008, Deng et al. analyzed the propagation properties of hol-

low beams in uniaxial crystals, and they discovered that the
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symmetry of the beams was no longer maintained in the uni-
axial crystals.['* It is really interesting to analyze the propa-
gation dynamics of light through anisotropic media in both ap-
plied and theoretical optics. The propagation properties of el-
liptical Gaussian beams, Airy—Hermite—Gaussian beams, Airy
beams, Laguerre—Gaussian beams, Bessel-Gaussian beams
and flattened-Gaussian beams in uniaxial crystals have been
studied.!>~11 While the propagation of CAiV beams through
uniaxial crystals has not been reported.

2. Analytical expression of chirped Airy vortex
beams through uniaxial crystals

In the Cartesian coordinate system, the propagation axis
is set as the z axis, and the x axis is taken to be the optical
axis of the uniaxial crystal. The input plane is at z = 0 and the
observation plane is taken to be z. The dielectric tensor of the
uniaxial crystal is depicted as[?"]
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where n. and n, are the extraordinary and the ordinary refrac-
tive indices of the uniaxial crystal, respectively.

The initial electric field distribution of the CAiV beam
with x-polarization is

E(x,7,0) = Ai(i)Ai(l) exp (@ + Q)
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where wg, wy, and wy represent arbitrary transverse scales,
0<a<1and 0<b <1 are the truncation factors making
the CAiV beams have finite energy, C is the chirp parameter
and Ai(-) is the Airy function. The total power of the finite
energy CAiV beams with x-polarization reads

P:// |Ex(x0,y0,0)|*dxodyo. 3)

The paraxial transmission of CAiV beams with x-
polarization through uniaxial crystals can be described by

E(x,y,2)

kn . *
— o expliknes) [ Evlx0,30.0)

ik ., 2, .2 2
xexp{fne[no(x—xo) +nz(y—yo) ]}dxodyo, 4)

where k = 27/ is the wavenumber and A is the wavelength
of the incident light.

The analytical complex field distribution of CAiV beams
with x-polarization through uniaxial crystals at distance z can
be formulated as

kn
Ex(x.y.2) = gpopeexp(FL+ )P+ P+ Py, (5)
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3. Numerical analysis and discussion of chirped
Airy vortex beams

In order to illuminate the features of CAiV beams with x-
polarization through uniaxial crystals more clearly, we inves-
tigate the trajectories with different ratios of n. (the extraordi-
nary index) and n, (the ordinary index) as well as the intensity
and the phase distributions at different distances with different
chirp parameters.

Figure 1 describes the trajectory of CAiV beams with x-
polarization in uniaxial crystals with C = 0.001, n, = 2.616,
a=b=0.5,w; =wy=10"% mm. A 633 nm laser is used. Fig-
ures 1(a)-1(c) show the propagation dynamics when n, is not
equal to n.. Figure 1(d) presents the propagation dynamics of
the CAiV beams when n, = n. = 2.616 (isotropic medium).
The figures shows that the wave is discontinuous when the
CAiV beams propagate through the uniaxial crystal, while it
is constant when propagating through the isotropic medium.
Even more evidently, the ratio of n. and n, affects the conti-
nuity and the bending degree of the CAiV beams during the
propagation. When the ratio of n. and n, is increasing, the
bending degree of the CAiV beams, which is caused by the
self-accelerated characteristics of the Airy packet, is decreas-
ing. What is more, when the ratio of n. and #, is increasing,
the focused position of the CAiV beams is approaching the
origin.

Fig. 1. (color online) Propagation dynamics of CAiV beams as a func-
tion of distance when (a) ne = 1.8n,, (b) ne = 1.5n,, (¢) ne = 1.2n,, (d)
ne =no =2.616.

Figure 2 presents the maximum intensity of the CAiV
beams with x-polarization as a function of the propagation dis-
tance, which shows that the maximum intensity of the CAiV
beams firstly increases as the distance increases due to the
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optical vortex. Then the maximum intensity of the CAiV
beams decreases during further propagation but is not decreas-
ing monotonously due to the anisotropic effect of the uniaxial

crystal.

T
e Me = Mo

e Me = 1.2,
weiMe = 1.5n4

Maximum intensity/cd

z/m

Fig. 2. (color online) The maximum intensity of the CAiV beams as a
function of propagation distance.

To discuss the effect of the chirp parameter C, we take
a=b=0.01, n, =2.616, ne = 3.1392, w; = wp = 1074 mm
In Figs. 3(al)-3(a6) with
C = —1, we can find that, as the distribution factor increases,

with different chirp parameters.

the energy will reverse, yet when the absolute value of C ap-
proaches 0, it cannot happen. Evidently, as the absolute value
of the chirp parameter increases, if we change the sign of the
chirp parameter, there will be an energy reversal. The reason
is that the optical phase is modulated by the chirp parameter,
which is shown in Fig. 4.

(c6)

Fig. 3. (color online) Intensity profiles of CAiV beams with (al)—(a6)
C=-1,(b1)-(b6) C=—-0.01, (c1)—~(c6) C =0, (d1)-(d6) C =0.01, and
(el)—(e6) C =1 at the planes of (al)—(el) z=0, (a2)—(e2) z = 0.496 m,
(a3)—(e3) z = 0.6944 m, (ad)—(e4) z = 1.24 m, (a5)—(e5) z = 1.6864 m,
and (a6)—(e6) z = 1.8848 m.

To further analyze the influences of the chirp parameters
and the distribution factors, we plot Fig. 5 with a = b = 0.01,
ny = 2.616, ne = 3.1392, and w; = wyp = 10~* mm, which
depicts the intensity distributions of the CAiV beams with
x-polarization through uniaxial crystals at different distances
with different chirp parameters. From these figures, we can

see that the intensity first distributes in the side lobes because
of the vortex and, as the CAiV beams propagate, the intensity
distributions in the main lobes are strengthened and those in
the side lobes are weakened, the reason for this is that the ac-
celeration of the vortex is much higher than that of the main
lobe. Meanwhile, compared with the traditional vortex mod-
ulated by the dressing nonlinear phase in an atomic ensemble
whose characteristics can be controlled by the laser intensities,
nonlinear dispersion, atomic density, detunings and intensities
of the related generating fields,!>?! the chirp parameters will
affect the velocity of the vortex in the uniaxial crystals. When
the chirp factor increases, the velocity of the vortex decreases.
Interestingly, we can also find that when the chirp parameter
approaches 0, the intensity profile will not keep symmetrical

with the propagation distance increasing.

Fig. 4. (color online) The phase distribution of the CAiV beams. All
the parameters are the same as those in Fig. 3.

Fig. 5. (color online) Intensity profiles of CAiV beams with (al)—(a6)
C=0.01, (b1)~(b6) C = 0.1, (c1)—(c6) C =1 at the planes of (al)—(cl)
z=0m, (a2)~(c2) z=0.5 m, (a3)~(c3) z=1 m, (a4)—(c4) z=2 m,
(a5)—(c5) z =3 m, and (a6)—(c6) z =4 m.

Figure 6 shows the phase distribution of CAiV beams
with different chirp parameters and propagation distances. It
is easy to see that the influence of the chirp parameters on the
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phase distributions is large, especially when the chirp parame-
ters and the propagation distances are increasing.

Fig. 6. (color online) The phase distribution of the CAiV beams. All
the parameters are the same as those in Fig. 5.

4. Poynting vector of the chirped Airy vortex
beams

To analyze the propagation properties of the CAiV beams
with x-polarization through uniaxial crystals, we calculate the
Poynting vector. We use the Poynting vector to illustrate the
propagation dynamics of the CAiV beams. The Poyting vector
can be expressed as S = ;= (E x B), where c is the speed of
light in vacuum, FE is the electric field, and B is the magnetic
induction vector. The time-averaged Poynting vector can be

expressed as(>3-24]

()= -(ExB). ©)

It is known by the Maxwell equation that

—i —i [ 0E; JE,
B—EVXE—;<8—Z6y—a—yBZ). (7)
By substituting Eq. (7) into Eq. (6), we have
—ic JE, JE,
b (E)een(B)]

Figure 7 presents the Poynting vectors of CAiV beams with
different chirp parameters and propagating distances through
the uniaxial crystals. The magnitude and the direction of the
energy flow are shown clearly by the size and the direction of
the arrows, respectively. It is discovered that the initial vortex
is at the center. As the propagation distance increases, the vor-
tex is moving away from the center and the vortex is gradually
weakened in Fig. 7. Lastly, the energy flow is only along the y
axis.

On the other hand, with different chirp parameters, the
distributions of the vortex are different. It is clearly seen that,
as the chirp parameter increases, the attenuation velocity of
the vortex becomes slower.

The angular momentum plays an important part in
electromagnetism.>! The time-averaged angular momentum
density can be written as!?%]

<J>=rx<ExB>:‘%rxs. ©

By substituting Eq. (8) into Eq. (9), we have

J

i
"o [(S; —zSy)ex — xS.ey +xSye]

b))

(10)

Fig. 7. (color online) Energy flow of CAiV beams with (al)—(a4)
C =0.01, (bl)~(b4) C = 0.1, (cl)—(c4) C =1 at the planes of (al)—
(c1) z=0.0496 m, (a2)—(c2) z = 0.0992 m, (a3)—(c3) z = 0.248 m, and
(a4)—(c4) z=0.3968 m.

(a4)
y/mm =l

z/mm

Fig. 8. (color online) Angular momentum of CAiV beams with (al)—
(a4) C=0.01, (b1)—(b4) C =0.1, (c1)—~(c4) C = 1 at the planes of (al)—
(c1) z=0.0496 m, (a2)—(c2) z = 0.0992 m, (a3)—(c3) z =0.248 m, and
(a4)—(c4) z=0.3968 m.

Figure 8 shows the angular momentum of CAiV beams
at different distances and with different chirp parameters. It is
obvious that the initial angular momentum density flow is in
the transverse direction, which is stronger than that in the lon-
gitudinal direction. With the propagating distance increasing,
the angular momentum density flow in the transverse direction
becomes much stronger and approaches the negative direction
of the x axis, and that in the longitudinal direction is weaker
and even approaches 0. Evidently, when C is increasing, the
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asymmetry of the angular momentum of the CAiV beams is
more obvious. It also proves that the anisotropy of uniaxial
crystals can break the symmetry of propagating CAiV beams.

5. Conclusion

We investigate the propagation properties of CAiV beams
with x-polarization in uniaxial crystals. It is clear that the fo-
cused position can be controlled by changing the ratio of n,
and n,. In addition, the results show that the continuity and
the self-acceleration effect of the CAiV beams become weaker
as the proportion increases. From the intensity and the phase
distributions of the CAiV beams, we find that the variation of
the chirp parameters can affect the attenuation velocity of the
vortex and control the intensity distribution. What is more, by
changing the sign of the chirp parameter, we can control the in-
tensity distribution of the CAiV beams. Lastly, we discuss the
energy flow and the angular momentum of the CAiV beams
through uniaxial crystals with different chirp parameters and
discover that, when the distribution factor or the chirp param-
eter is increasing, the asymmetry of the angular momentum is
more probable.
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