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Abstract

We investigate the propagation property of circular Airy beams in photorefractive nonlinear media by differential method. The
abruptly autofocusing behavior of circular Airy beams in free space is first discussed. The intensity contrast will increase with
the decreasing of decay factor and the focal length will also increase with the increasing of initial radius. When photorefrac-
tive nonlinearity is introduced, the energy diffusion of circular Airy beams after autofocusing behavior can be manipulated.
The periodic breather soliton can be obtained when the energy diffusion is suppressed by appropriately photorefractive
nonlinearity. If the photorefractive nonlinearity is large enough, the abruptly autofocusing behavior is suppressed completely
and the circular Airy beam can form the bracelet breather soliton.

1 Introduction

Abruptly autofocusing (AAF) beams possess a ring-shaped
initial transverse Airy intensity profile, which maximum
intensity remain almost constant during propagation until
they propagate a certain distance and show AAF behavior
[1-3]. Due to this novel property, AAF beams are ideal
candidates for laser biomedical treatment, microparticle
manipulation, multiphoton polymerization, and high-power
terahertz generation [4-7]. Circular Airy (CAi) beams are
the first AAF beams to be proposed. Recent researches have
shown that the propagation trajectory as well as position of
autofocusing points of the CAi beam can be manipulated
by a dynamic linear potential, and the different types of
dynamic linear potentials can weaken or strengthen the auto-
focusing effect of the CAi beam [8—10]. Moreover, the CAi
beam can exhibit periodic AAF behavior under the action of
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radial parabolic potentials, and form a series of elegant peri-
odic optical bottles having paraboloidal shapes [11]. More
recently, more generalized Airy beams with AAF behavior,
such as Airyprime beams [12], fractional Airy beams [13],
azimuthally modulated circular superlinear Airy (AMCSA1)
beams [14] and circular superlinear chirp (CSC) beams [15],
have been reported. In contrast to the traditional CAi beam,
the AMCSAI beam does not focus on a point on the axis
due to the petal patterns. The CSC beam provides faster and
more abrupt focusing than the traditional CAi beam.

At the same time, the propagation properties of the one-
or two-dimensional Airy and generalized Airy beams in the
nonlinear medium have been widely reported [16-25]. They
found that the self-acceleration effect of the Airy beam can
be weakened by the nonlinearity and the breather can be
obtained under appropriately nonlinear conditions. People
naturally think how the nonlinearity of media influences the
propagation property of the CAi beam. In this article, we
will investigate the propagation property of the CAi beam
in photorefractive nonlinear media.

2 Theoretical model

Given that a CAi beam propagating in strontium barium nio-
bate crystals (SBN), the propagation dynamics of the CAi
beam is described by the following equation [9, 22]:
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where ¢ is the beam envelope, x and y are the normal-
ized transverse coordinates scaled by transverse width
Xy, z is the propagation distance scaled by Rayleigh
length kx(z), and k = 2z /Ag)n,. 4 is the free space wave-
length, and n, is the unperturbed extraordinary index of
refraction. B = (2zxy/0)*(nlry3/2)E, is the photore-
fractive nonlinearity parameter, r;; is the electro-optic
coefficient, and E, is the external electric field. We take
transverse width x, = 100 ym, Ay =532 nm, n, = 2.35,
33 = 224 x 1072 m/V, and the Rayleigh length is about
277.4 mm.

The intensity profile of the inward CAi beam at the input
plane can be expressed as:

@ (x,y) = AgAi (ry — r) expla (ry — )], 2)
where A is a constant, Ai is the Airy function, r is the ini-
tial radius of the main Airy ring, r = 4/x% + y? is the radial
distance, and «a is the decay factor.
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Fig. 1 The intensity profiles and propagation properties of the CAi
beam when Ay =2, ry =5, and « = 0.1. a—c are the space drawing,
projection drawing, and section drawing, respectively. d is the propa-
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3 Propagation property of the CAi beam

In this section, we analyze the propagation property of the
CAi beam by solving numerically Eq. (1). First, the intensity
profiles and propagation properties of the CAi beam in free
space are analyzed as shown in Fig. 1. The intensity contrast
M is defined as the ratio of the peak intensity along the
propagation to the peak intensity at the input place, which
depicts the focusability of the CAi beam. The value of M is
higher, the focusability is higher. The propagation distance z
at the maximum intensity contrast represents the focus posi-
tion and the value of z is the focal length of the CAi beam.
Only the section drawing when y = 0 is given because of the
symmetrical intensity distribution.

In the following, we focus on the manipulation of focus-
ability. We can find that the intensity contrast M increases
with the decreasing of the decay factor @ while the focal
length is nearly constant as shown in Fig. 2. Moreover, the
focal length increases with the increasing of the initial radius
r, while the intensity contrast M has changed little as shown
in Fig. 3. For the AMCSAI beam, the focal length decreases
with the increasing of the power order, i.e., the degree of
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gation property in free space. e is the section drawing of the propaga-
tion when y = 0. f is the intensity contrast M under different propaga-
tion distance z
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Fig.2 The relation between the focusability of the CAi beam and the decay factor « when A; = 2, r, = 5. a—c are the section drawing when
decay factor @ = 0.2, a = 0.1, and @ = 0.01, respectively. d—f are the corresponding intensity contrast
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Fig.3 The relation between the focusability of the CAi beam and the initial radius r,, of the main Airy ring when A, = 2, « = 0.1. a—c are the
section drawing when initial radius r, = 3, 7, = 5, and r;, = 8, respectively. d—f are the corresponding intensity contrast
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Fig.4 The nonlinear manipu-
lation of the CAi beam when
Ag=2,ry=5anda =0.1.
al-d1 are the section draw-
ing when nonlinear parameter
p=0,p=20,8=26,and

p = 35, respectively. a2—d2
are the corresponding intensity
contrast
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nonlinearity of the radius [14] and for the CSC beam, the
focal length decreases with the increasing of the power order
and chirp order [15].

Next, we investigate the propagation property of the CAi
beam in photorefractive media, and analyze the impact of
photorefractive nonlinearity on the AAF behavior of the
CAi beam. When the photorefractive nonlinearity parameter
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p =0, we can find that the positon of autofocusing points
is about z = 5, and the intensity contrast is about M = 45.
If the photorefractive nonlinearity is introduced, the energy
diffusion of the CAi beam after the focus point is manipu-
lated. The CAi beam will form the breather soliton with
periodic focusing behavior when the photorefractive non-
linearity parameter f be increased from 0 to 20. At the
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Fig.5 The nonlinear manipula- 20
tion of the CAi beam when the
self-defocusing nonlinearity is 10
introduced and Ay = 2,7, =5,
and a = 0.1. al—cl are the sec-

tion drawing when nonlinear * B
parameter f = — 2, f = — 10,

and f = — 15, respectively. -10
a2—c2 are the corresponding

intensity contrast 20
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same time, the first focus position almost unchanged but the
peak value at the focus improves greatly to about M = 80
as shown in Fig. 4b. As the increasing continuously of the
photorefractive nonlinearity, the AAF behavior is suppressed
corresponding to the focal length increases. When the pho-
torefractive nonlinearity is large enough, such as f = 35, the
AAF behavior of the CAi beam is suppressed completely
and the bracelet breather soliton can be obtained as shown
in Fig. 4d.

Finally, we discuss the manipulation property of the CAi
beam when the nonlinearity parameter is negative. We can
find that the focal length and the intensity contrast both
decrease when the self-defocusing nonlinearity is introduced
as shown in Fig. 5. We think the reason for this is that the
self-defocusing nonlinearity accelerates the energy diffusion
of the CAi beam and leads to the significant shift of the
focus to the input plane.
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4 Conclusions

In summary, we have investigated the influence of photore-
fractive nonlinearity on the propagation property of the CAi
beam. The focal length and intensity contrast both can be
manipulated by varying nonlinear parameter. After the focus
point, the CAi beam can form periodic breather soliton when
the energy diffusion is suppressed by appropriately photore-
fractive nonlinearity and then the bracelet breather soliton
also can be obtained when the AAF behavior is suppressed
completely by photorefractive nonlinearity.
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