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Abstract: The propagation dynamics of all-fiber plasmonic double parallel 
and orthogonal Airy beams are experimentally demonstrated. Two slits and 
groove arrays were fabricated by focused ion beam (FIB) milling on the gold 
coated end facet of an optical fiber to generate two Airy beams 
simultaneously. Sub-wavelength self-focusing of double parallel Airy beams 
in free space is experimentally verified. Effects of geometrical parameters on 
the intensity profiles of the focal spot are analyzed in detail. The 
characteristics at the junction of the two main lobes can be adjusted by 
controlling the initial phase difference of the two Airy beams. The 
propagation of two orthogonal Airy beams is also experimentally 
investigated. Multi-Airy beams are of importance to realize all-fiber optical 
trapping, fiber integrated devices, and laser shaping. 
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1. Introduction 

Beam shaping techniques provide unique light patterns that play a major role in the field of 
particle micromanipulation, optical trapping and laser micromachining [1–4]. The generation 
of self-accelerating light beams along arbitrary caustic curvature has been demonstrated [5]. 
Airy beams have attracted great attention because of their unusual properties such as 
non-diffracting, self-accelerating and self-healing [6, 7]. The first accelerating Airy beam was 
observed in 2007 [8]. Such beams can persist over very long lengths, allowing the extended 
guiding of objects using the scattering force. Research efforts on Airy beams have expended 
from fundamental aspects to demonstrations of possible applications. Single [8], circular [9, 
10], and 2-D Airy beams [11] have been demonstrated experimentally. While mathematically 
the Airy beams have infinite energy, in practice only truncated Airy beams of finite energy 
exist. In most experiments, Airy beams were mainly induced by continuous cubic phase 
patterns generated using a phase-type spatial light modulator (SLM) [8, 9, 12]. However, the 
SLM has disadvantages, such as large size, low resolution, and low laser damage threshold 
[13]. Surface plasmon polaritons (SPPs) offer valuable platforms for many applications due to 
their relatively long propagation distance and strong confinement to the surface [14]. 
Plasmonic Airy beam generators have been demonstrated experimentally in planar dimensions, 
such as a metal film surface with a nanoarray [15, 16]. In these systems, experimental set-ups 
require extremely precise alignment in free space. Dolev et al have shown that free space Airy 
beams can be formed by employing computer generated hologram (CGH) of SPPs [17]. 
Nevertheless, this technique needs a 2f system to optically perform a Fourier transform of the 
diffracted light. On the contrary, all-fiber Airy beam generators are highly integrated, simple 
and flexible devices. In our previous work, all-fiber single Airy-like beams have been 
demonstrated numerically and experimentally, and the non-spreading and self-bending 
properties have been observed [18]. 

In this paper, two single Airy beams are simultaneously generated in a parallel or an 
orthogonal arrangement on the end facet of an optical fiber. The propagation properties of 
all-fiber multiple plasmonic Airy beams are experimentally and numerically investigated in 
detail. Sub-wavelength self-focusing of double parallel Airy beams in free space can be 
obtained. The characteristics at the junction of the two main lobes can be adjusted by 
controlling the initial phase difference of the two Airy beams. 

2. Double parallel Airy beams 

2.1 Symmetrical double Airy beams 

Figures 1(a)-1(c) show the scanning electron microscope (SEM) images of a fiber-based double 
parallel Airy beams generator. On the cleaved end of a single mode fiber (SMF) at 980nm 
(Thorlabs, SM980-5.8-125), a gold film with 200nm thickness was thermally deposited, over 
which two identical air slits and two 1D graded gratings arrays composed of 35 grooves were 
engraved by focused ion beam (FIB) (Helios 600, FEI Inc.). The schematic diagram of this 
sample is shown in Fig. 1(d). Here, 0h  is the thickness of the gold film. Two slits are arranged 

symmetrically in the fiber core area. The distance d between the two slits is 2.89μm. SPPs are 
excited in the two air slits, propagate along the metal surface and are decoupled into free space 
by the graded metal grating arrays [17]. Meanwhile, the surface plasmon polaritons along the 
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interface between the fiber core and gold film that are excited at one of the slits propagate 
towards the other slit (dashed arrow in Fig. 1(d)) and forms plasmon-assisted two-slit 
interference. By optimizing the spatial location and geometric parameters of the grooves, the 
phase and the amplitude of the decoupling field can well match with that of the Airy beam. The 
recouping waves of the −1 order diffraction with slightly different diffractive angles superpose 
in free space and form the desired Airy beam. The details of the optimized method have been 
described in [18]. The acceleration parameter 0x  of the Airy beam is set as 1.0μm. In the 

experiment, the slits and grooves widths ( 0w  and w ) are around 130nm and 260nm, 

respectively, while their length along the gold surface is ~6μm. The grooves inner surface is not 
perfectly smooth due to the exposure dose of the ion beams not being perfectly uniform. The 
depth h of grooves is estimated to be about 60-80nm. The local lattice constant nΛ  of the 

graded grooves on each side is shown in the inset of Fig. 1(b). 
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Fig. 1. (a) - (c) SEM images of the nanostructured gold coated optical fiber facet with double 
parallel slits (d = 2.89 μm) and graded grooves arrays. The inset of Fig. 1(b) is the optimized 
local lattice constant of the graded grooves. (d) Schematic illustration of the proposed device. 

In the test, a 980nm CW laser diode was employed as the incident light source. A fiber 
polarization rotator was used to control the light polarization state and achieve a polarization 
perpendicular to the grating lines. Transmitted light was then collected by a microscope 
objective (100 × ) and the field image was taken by a camera (MicronViewer 7290A) with pixel 
spacing of 18μm. The cross sections of the captured beam images in the free space at different 
propagation distances along the z-axis are presented in Fig. 2(a) and the field maps are 
summarized in Fig. 2(b). Three side lobes of each Airy beam can be clearly observed at z = 
1μm. Two symmetrical Airy beams in the free space are transversely accelerated along the 
opposite directions ( + x and -x), and then interfere and focus at about z = 20μm on the axis of 
symmetry (x = 0). Furthermore, the double-slit plasmonic interference [19] also contributes to 
the interference field, which can also be seen in the beam cross section at z = 5μm, where it is 
not a pure Airy beam. A deformation of the main lobe of Airy beam can be observed, together 
some discontinuous dark fringes. 

A finite-energy Airy beam solution can be written as [6]: 
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 2 3 2 3 2
( , ) Ai[ ( / 2) ]exp[ / 3 ( / 2)]exp[ ( / 12) ( / 2) ( / 2)]E s s ia a as a i i a i s= − + + − − + +ξ ξ ξ ξ ξ ξ ξ  (1) 

where s = x/x0, ξ = z/(kx0
2), a is the exponential truncation factor. A density plot |E(x, z)|2 of two 

symmetrical Airy beams (x0 = 1.0μm and a = 0.001) with the separated distance d = 2.9 μm is 
shown in Fig. 2(c). Two pure Airy beams focus at 20.5μm and then interfere after the focal 
point. The full-width-at-half-maximum (FWHM) of the focal point is 0.86μm. The phases of 
two Airy beams at x = 0 are equal, so the junction of the main lobes of two beams is always a 
bright spot. 
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Fig. 2. (a) Cross sections of the beam at different propagation distances for d = 2.89μm. (b) 
Measured interference field maps in the free space. (c) Calculated interference field maps of two 
Airy beam by using analytic formula. (d) Calculated interference field maps for the proposed 
structure by using FEM. (e) Calculated far-field along the x-axis. (f) Intensity profiles of the 
focal spot. 

The numerical calculation for the proposed double plasmonic Airy beams was performed 
using 2D FEM (COMSOL 3.5a). In the simulations, the numerical aperture (NA) of the fiber is 
0.14 and the core diameter is 5.2μm. The cladding is fused silica and its refractive index was 
calculated by using the Sellmeier equation. TM polarized fundamental mode (i.e. with the 
electric filed perpendicular to the long axis of the slit) was launched from the lower input port 
using boundary mode analysis. The intensity distribution of the electric field ( 2.9μmd = , h = 

75nm) is depicted in Fig. 2(d), showing good agreement between the numerical simulation and 
measured field maps. The calculated far-field along the x-axis is shown in Fig. 2(e). The 
far-field intensity is very weak, attributed to the propagation characteristics of finite-energy 
single Airy beam, which only propagates over a finite distance. Five distinct interference 
fringes occur between the far-field divergence angles of −25° and 25°. The central fringe is 
bright, caused by the interference of the two Airy beams after the focal point, which can be seen 
at z>25μm in Fig. 2(d). The longitudinal position of the focal point is a little longer than that of 
the experiment due to the limitations associated to measurement precision. The normalized 
intensity profiles of the focal spot, both experimental and calculated, are shown in Fig. 2(f) and 
agree well with each other. The experimental and theoretical FWHMs of the focal point are 
1.08μm  and 0.85μm  along the x direction, respectively, which are comparable with the 

wavelength of the incident light, and less than the calculated FWHM (1.65μm) of the main 
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lobe. ~7% of the input power can be theoretically achieved around the bright spot. In the 
experiment the focal spot of the interfering Airy beams is slightly wider than in the simulations. 
This is attributed to the unwanted scattering, which slightly alters the desired amplitude 
distribution. As we know, if x0 takes a smaller value, the main lobe of the Airy beam will 
become narrower, and then the FWHM of the focal spot will be further reduced. For example, 
for x0 = 0.6μm FWHM = 0.46μm. 

One also found that the measured intensity profile has two larger side lobes due to the 
imperfection in the fabrication process. In particular, the non-uniform depth of the grooves 
greatly affects the amplitude distribution of SPP waves. The effect of the depth of the grooves 
on the intensity profile of the focal spot is depicted in Fig. 3(a). The results show that the 
shallow grooves reduce the decay rate of SPPs along the interface and introduce two side lobes 
with large amplitudes, while the deep grooves widens the focal spot FWHM and enhances the 
background field. However, the width of the grooves is relatively uniform due to small aspect 
ratio (75nm/260nm = 0.29) and has a negligible effect on the beam propagation. The field map 
for the case with h = 45nm is shown in Fig. 3(b), accompanied by obvious side lobes near the 
focal spot. 
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Fig. 3. (a) Intensity profile of the focal spot for the case with imperfect depth of the grooves. (b) 
Field maps of the structure with h = 45nm. 

              
-8     -4     0     4     8

x/μm 

40

30

20

10

0

 
z/
μm

 

Imin

Imax

 
z/
μm

 

(a) (b)

-8     -4     0     4     8
x/μm 

40

30

20

10

0

 

Fig. 4. Measured field maps for (a) d = 2.1μm and (b) d = 2.5μm. 

Experimental results for d = 2.1μm and 2.5μm are also presented in Fig. 4. The field maps 
for d = 2.1μm and d = 2.89μm are very similar because of the periodicity of plasmon assisted 
two-slit transmission [19]. The longitudinal position of the focal point for d = 2.9μm is slightly 
further than that for d = 2.1μm while the position of the dark fringes of the main lobe depends 
on the distance between the two slits that affects the plasmon interference. In contrast, when d = 
2.5μm, the nodes of the standing-wave pattern along the interface between the fiber core and 
gold film coincide with the slits and the SPP transmission is minimum. So, although the phase 
of two light beams at x = 0 is the same, the output intensity is very weak due to the lower 
efficiency of generating the Airy beam. In order to measure the interference field, the incident 
light power for d = 2.5μm is increased nearly fourfold compared to the other two cases. 
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2.2 Asymmetrical double Airy beams 

All the discussions above correspond to the identical double Airy beams with opposite 
acceleration directions. In most cases, one may want to change the characteristics at the 
junction of the two main lobes, which can be realized by controlling the phase difference of the 
two light beams. Shifting grooves on the right side along the + x-direction can achieve different 
initial phase differences between two main lobes. The propagation dynamics of two Airy beams 
with opposite acceleration directions and different initial phase differences (0, π/4, π, 3π/2, 2π) 
are presented in Fig. 5(a). Figures 5(b) and 5(c) show the intensity profiles at the junction of the 
two main lobes and the dependence of the intersection distance of the main lobes on the phase 
difference. The junction of the main lobes of two beams is a dark core for the case of π phase 
difference. The brightest spot appears periodically at the junction of the main lobes. Within 
0~2π phase difference, the brightest spot first appears on the right side of the junction of the 
main lobes, and then on the left side for increasing phase difference. The 
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Fig. 5. (a) Field maps of symmetrical double Airy beams for different initial phase differences. 
(b) Intensity profiles at the junction of the two main lobes. (c) Dependence of the intersection 
distance of main lobes on the phase difference. 

intersection distance of two main lobes is larger and shifts to + x direction with increasing 
phase difference, which contributes to the increase of the distance between two main lobes at z 
= 0. The generation efficiencies of the Airy beam on both sides are slightly different, which 
leads to a slightly asymmetrical field distribution. 

3. Double orthogonal Airy beams 

The propagation properties of two orthogonal Airy beams have also been investigated. Due to 
the limitation of the SMF core size, a multimode fiber (MMF) with a core diameter of 50μm is 
utilized. SEM images of a sample with two orthogonal Airy beams generator are shown in Figs. 
6(a)-6(c). The two orthogonal air slits intersect at the center of the fiber core, where the length 
of slits and grooves is 7μm and the other parameters are the same as those in Fig. 1. In the 
experiment the input polarization direction was adjusted to be approximately 45° with respect 
to the direction of the two air slits, so that SPPs are equally excited in the two air slits. If the 
polarization direction is consistent with the direction of a slit, only a single Airy beam can be 
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generated. The cross sections of the captured beam images at different propagation distances 
along the z-axis are presented in Fig. 6(d). Two pure orthogonal Airy beams with three side 
lobes can be clearly observed at z = 1μm; no other interference fringes are present, unlike the 
case of two parallel Airy beams. The light intensity near the core center is slightly higher, due to 
the inhomogeneous distribution of the incident field. As the propagation distance z increases, 
the two Airy beams accelerate respectively along the orthogonal direction (the white arrows in 
Fig. 6(d)), similar to the 2D Airy beam [11], and then cross about at 25μm. Two Airy beams do 
not interfere because their polarization directions are perpendicular to each other and the 
interference fringes will not appear in the far field, which is totally different to the case of two 
parallel Airy beams. 
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Fig. 6. (a)-(c) SEM images of the nanostructured gold coated optical fiber facet with two 
orthogonal slits and groove arrays. (d) Cross sections of the captured beam images at different 
propagation distances. 

4. Conclusion 

In summary, the propagation properties of compact all-fiber plasmonic multi-Airy beams have 
been investigated experimentally. The sub-wavelength self-focusing of double parallel Airy 
beams in free space has been observed experimentally and show good consistency with 
theoretical predictions. The nonuniform depth of the grooves greatly impacts on the intensity 
profile of the focal spot. The characteristics at the junction of the two main lobes can be 
adjusted by controlling the initial phase difference of the two Airy beams. The propagation of 
two orthogonal Airy beams has also been obtained. An all-fiber Airy beam generator provides 
many advantages, such as no need for alignment systems, high flexibility, lower insert loss, and 
easy portability. Multi-Airy beams are important to realize optical trapping, laser shaping, 
particle micromanipulation, and on-chip integration. Our results broaden the application of 
Airy beams and take it one step forward closer to practical applications. 
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