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Abstract   

We demonstrate the generation of non-paraxial accelerating beams by using an 

objective with an external spherical aberration compensation. A correction phase is 

applied at an illuminating plane before the objective, and such an aberration-corrected 

system enables a Fourier transform that translates a proper spatial spectral phase 

pattern into the desired non-paraxial accelerating beams. The feasibility of the scheme 

and the quality of the generated beams are further discussed for various conditions. 

Experimentally, we observe the accelerating beams as well as non-paraxial 

autofocusing beams following predesigned trajectories generated with such an 

aberration compensation method, providing an effective and alternative approach for 

non-paraxial beam shaping. 

Keywords: Wave propagation, aberration compensation, invariant optical fields. 

 

1. Introduction 

Stemming from the field of quantum mechanics [1], Airy wave-packets that can 

self-accelerate in free space were introduced into optics in 2007. Since then, 

self-accelerating Airy beams have attracted a great deal of attention [2-4], triggered 

by their intriguing propagation properties. They have shown unique features in a 

*Manuscript
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variety of potential applications, such as: particle manipulation [5], curved plasma 

channel generation [6], light-sheet microscopy [7], and electric discharge guiding [8], 

to mention just a few. 

Limited by the paraxial approximation, Airy beams as well as their circular 

configurations (namely autofocusing Airy beams [9-11]) are restricted to follow paths 

with small curvatures. To break this limit, non-paraxial accelerating beams (NABs) 

were put forward aiming to large bending angles [12-17]. These beams can be 

generated by using an objective through Fourier-transforming a properly 

phase-modulated beam [15-17]. Nevertheless, spherical aberration is often introduced 

in this setup, if the working conditions (such as temperature, light wavelength, 

coverslip thickness, focal plane depth, refractive index of the environment) deviate 

from the default values of an objective [18]. In the presence of spherical aberration, 

light traveling through the periphery of an objective focuses at different positions 

rather than at the same point. The resulting defocusing effect is detrimental to the 

realization of a good Fourier transform, hence reducing the quality of the generated 

NABs. Fortunately, spherical aberration can be compensated by providing a proper 

phase modulation on the input beam, but thus far such a kind of external aberration 

correction has not been employed to generate NABs. 

In this paper, we demonstrate the generation of NABs by using an objective with an 

external spherical aberration compensation. Our analysis shows that this system 

enables a good Fourier transform from the aberration-correction plane to the focal 

plane, and hence can be employed for producing the NABs. The dependence of the 

beam quality on the locations of the two planes is further discussed. In experiment, by 

virtue of the external aberration correction, we achieve optimal generation of the 

NABs and non-paraxial autofocusing beams that follow several predesigned types of 

trajectories. 

2. Principle of active aberration compensation 

In the framework of geometrical optics, a perfect focusing occurs when all the rays 

passing through an optical system intersect at the same point. This is the prerequisite 

for a given system to perform a Fourier transformation. However, distortion and 

defocusing of rays routinely take place in a practical system because of the spherical 

aberration, among other factors, since a perfect focusing is usually designed for some 
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unique conditions. Nevertheless, thanks to the external compensation technique, an 

optimized focusing can be readily recovered for a non-ideal system [19]. 

We employ a simple yet standard objective that consists of two concavoconvex 

doublet lens and a third lens (see Table 1 and Fig. 1(a)) to demonstrate our idea. To 

realize the mentioned focusing, the correction phase (corresponding to the tilts applied 

on the initially horizontal optical rays in the language of geometrical optics) can be 

obtained by employing the principle of reversibility of light. In the presence of this 

correction phase, we test whether such a system follows the translation property of 

Fourier transform from the correction plane to the focal plane. To this end, a ray 

emitting from the correction plane is applied by a linear phase modulation αkx (where 

α is the modulation depth and kx is the transverse vector), and its position change 

(denoted as δ) at the focal plane is recorded. Figure 1(b) presents the value of δ as a 

function of α for five typical positions at the correction plane (denoted as A, B, C, D 

and E). Since the points A and B are symmetrical to E and D about the optical axis, 

respectively, while the point C is on the optical axis, the curves in Fig. 1(b) have 

central symmetry about the point (α,δ) = (0,0). The two parameters (α and δ) meet the 

translation property well for the point C, as can be expected from the paraxial 

approximation. However, their relationship tends to deviate from the linear case at the 

peripheral positions, particularly when larger value of |α| is used. For instance, the 

rays emitting from A and E have larger and smaller shifts compared to the ideal case, 

respectively, when α is around 0.1 mm. If a slight deviation can be tolerated, Fourier 

transform is possible under a mild phase modulation depth. We then study how the 

deviation (denoted by δ) is influenced by the locations of the correction plane and 

the focal plane. Figure 1(c) presents the case associated with the point E (a typical 

periphery position) under a fixed linear phase modulation with α = 0.1 mm 

(corresponding to δ = 0.1 mm induced by the Fourier transform). One can see that the 

setting of the correction plane leads to quite small changes on the deviation from δ = 

0.1 mm, particularly under the condition of shorter focal lengths. On the other hand, 

the deviation increases with the focal length. For other points at the correction plane, 

similar results can be obtained. From the knowledge of the catastrophe theory [20], 

one should employ an optical system having a larger numerical aperture for realizing 

NABs with a steeper bending angle. In our study, the value of the numerical aperture 

is determined by the tilting angle of the outmost rays passing through the focal point, 
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rather than by the choice of the correction plane. It reaches the maximum at f = ~1.2 

mm, as shown in Fig. 1(d). Its reduction upon negative and positive offsets to this 

focal length is caused by the apertures of the leftmost and rightmost lens, respectively. 

As inferred from the results in Figs. 1(c) and 1(d), it is possible to reach a good 

condition of Fourier transform while guaranteeing a high numerical aperture for an 

aberration-corrected objective. 

Next, we analyze the caustic for an NAB produced by the aberration-corrected 

system. As a typical example, an NAB designed to follow a half circle with the radius 

R = 50 μm is considered and the spectral phase applied is Rkarcsin(kx/k)-Rkx. The 

gradient of the phase leads to the tilt of the rays emitting from the correction plane, 

and it is indeed a kx-dependent modulation depth α with an expression of 

2 2( / 1)xR k k k  . Thus the value of α is positive for periphery points. Figure 2(a) 

plots the rays translated by means of geometrical optics in the longitudinal range of 

the half circle (i.e., 2R). The formed caustics fits well with the target trajectory in 

most regions, except some deviations near the two ends. Their mismatch is quantified 

by x/R, where x is the difference between the caustic (i.e., the lowest intersection 

position for the rays passing a vertical plane) and the target trajectory. As can be seen 

from Fig. 2(b), in most of the acceleration regions, all rays are located above the half 

circle, but in a region close to the output, some rays distribute off below the designed 

trajectory. These rays originate from the upper peripheral positions (near E in Fig. 

1(a)), and thus have a less upper shift than the ideal case for positive value of α (see 

the inset in Fig. 1(b)). While for the rays from the lower peripheral positions, the 

upper shift is larger than the ideal one for positive value of α. Thus no ray is observed 

to distribute off below the trajectory along the left quadrant. In this study, the 

longitudinal length of the fitting region is calculated under the condition that the 

mismatch x/R is less than 2% (this value is just employed as an example, and the 

choice of the error is mainly dependent on the requirement in specific applications). 

The radio (denoted as ) between this length and the maximum theoretical 

acceleration range (i.e., 2R) is used to characterize the proportion of an effective 

acceleration range. As shown in Fig. 2(c), the value of  is nearly immune to the 

setting of the correction plane. On the other hand, it has an optimized value when the 

focal length is set to be ~1.24 mm, and exhibits a faster decrease for positively 

offsetting the focal plane relative to the ideal position [Fig. 2(d)]. This can be 
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interpreted by the result shown in Fig. 1(d) where a similar change versus the focal 

length exists for the numerical aperture that basically determines the effective 

acceleration range. 

3. Experimental results 

To demonstrate the effectiveness of the proposed approach, we perform a series of 

experiments based on above analysis. Figure 3 presents the schematic of the 

experimental setup and method. An expanded laser beam (the wavelength is 632.8 nm) 

is employed to illuminate a programmable spatial light modulator (SLM) with a 

proper polarization. Using a 4-f system (consisting of two lenses with f = 150 mm and 

f = 100 mm) followed by an objective (×60, numerical aperture is 0.85), the NABs 

can be produced by imposing proper phases on the SLM. The beam patterns are 

recorded by an imaging system consisting of another objective and a CCD camera 

that are placed on the same motorized translation stage. 

In general, the objective should work with a coverslip. In order to obtain obvious 

spherical aberration for the demonstration of our idea, no coverslip is employed in our 

experiment. Firstly, we correct the aberration in a quasi-one-dimensional (1D) region 

marked in Fig. 3(b). As expected, the light passing through this area of the objective 

cannot be perfectly focused without any phase compensation, as shown in Fig. 4(a). 

To correct the spherical aberration, the liquid crystal panel on the SLM is divided 

vertically into 36 closely distributed stripes with the same height. For the i
th

 (i = 1 to 

18) pair of stripes that are symmetric about the line x=0, a linear phase φi(x) = aix+by 

and φi(x) = -aix+by (where ai is the modulation depth and b is a constant) is imposed 

on the upper and the lower stripe, respectively, while for the other strips, the phase is 

blank [Fig. 3(c)]. In this way, the beam illuminating the i
th

 pair is separated by the 

phase term (i.e., the production of b and y) from the major part [Fig. 3(d)], and can be 

focused to a selected location on the optical axis by the phase term associated with ai. 

The value of ai is carefully chosen to let the separated spot reach the minimum size at 

the focal plane. Then one can obtain a 1D correction phase, i.e., φ(x)= φi, to allow a 

good focusing as shown in Fig. 4(b). Note that since we do not know the parameters 

of the internal components of the objective, the principle of reversibility of light 

cannot be used to obtain the correction phase. Although the elements in the objective 

used in our setup may be different from those in the analysis, we also noticed that 
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there was an optimized focal length to reach the maximum numerical aperture. In 

addition, we found that the location of the correction plane did not influence the 

preformation of the aberration-corrected system. 

Before applying the spatial spectral phase (as a function of kx) of the NABs, kx is 

assumed to be linear with the position at the aberration-corrected plane and its 

spanning is bounded by the tilt of the outermost beams through the formula kx = ksinθ, 

where θ is the angle of the beam about the optical axis. Once the phase term 

associated with the NABs is applied, the beam can be generated to follow the 

designed trajectory through the aberration-corrected system. Examples shown in Figs. 

4(c-e) are the NABs along circular, parabolic and elliptic paths, respectively. These 

beams seem to bend less after passing the top of the trajectory compared with the 

earlier propagation behavior, which is in accord with the analysis presented in Figs. 

2(a) and 2(b). In contrast, once the correction phase term is cancelled, the target NAB 

cannot be produced, as illustrated by an example presented in Fig. 4(f), where the 

spectral phase used in Fig. 4(c) is imposed alone. 

To correct the spherical aberration in two-dimension (2D) region, we simply rotate 

the 1D correction phase by 180°, considering that our optical system has been aligned 

to be circularly symmetric about the optical axis. Using the aberration free system, a 

non-paraxial abruptly autofocusing beam is produced (see Fig. 5). Such a beam 

initially has a hollow region surrounded by various concentrical rings, and then 

abruptly focuses to a point at a propagation distance of about 50 μm. The shrinking of 

its inner ring follows a rate defined by the predesigned circular trajectory r = 

(R
2
-z

2
)
1/2

-0.88R (where R = 100 μm), as shown by the side view of the propagation in 

Fig. 5(e).  

4. Conclusion 

In conclusion, we have theoretically and experimentally demonstrated that NABs can 

be generated by employing an objective whose spherical aberration is actively 

compensated. Our results indicate that the quality of the produced NABs is mainly 

determined by the choice of the focal plane. Using an aberration-corrected system in 

this way, both 1D NABs along several types of trajectories and 2D non-paraxial 

abruptly autofocusing beam are generated. Our method offers a flexible way to 

produce the NABs in experiment without the necessity to fit an objective to its ideal 
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working conditions. Hence, our work may prove useful for experimental realization of 

other kinds of NABs including micro-scale optical bottle beams [21-24] for various 

applications. 
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List of Figure captions 

Table 1. The parameters (including the radius of curvature and the refractive index) 

associated with the two concavoconvex doublet lens and the single lens as illustrated 

in Fig. 1(a).  

Fig. 1. (a) Configuration of the objective under test and its intrinsic spherical aberration is 

compensated by imposing a proper phase correction at z = 0; (b) the shifts of rays at the 

focal plane by applying a test linear phase modulation at the five points marked in (a); (c, d) 

plot the deviation from the ideal shift (i.e., 0.1 mm) for the case of the E points under a 

fixed linear phase modulation with  = 0.1 mm and numerical aperture (NA), respectively, 

for various settings of the correction plane and the focal plane. The parameters L and f are 

defined in Fig. 1(a). 

Fig. 2. Analysis of the effective acceleration ranges of an NAB (along a half circle) 

produced by the aberration-corrected system under test. (a) plots the optical rays (blue) 

associated with the NAB and the target trajectory (red); (b) the mismatch (defined in the 

text) between the caustic formed by the rays and the half circle in (a); (c, d) show the 

parameters to characterize the effective acceleration range for various position settings of 

the correction plane and the focal plane. 

Fig. 3. (a) Illustration of the experimental setup for the generation of NABs with an 

aberration correction. SLM: spatial light modulator; L: lens; BS: beam splitter; O: objective 

lens; P: polarizer; M: mirror; CCD: charge coupled device; (b) quasi-1D aberration 

correction region (blue slashes) marked at the entrance pupil of the target objective (circular 

blue area); (c) the phase pattern used to make a pair of light to focus at a selected point (i.e., 

the focal point); (d) the beam pattern at the focal plane with the right and left parts 

corresponding to the selected pair of light and the remaining beam, respectively.   
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Fig. 4. Experimental generation of NABs with the method of external aberration correction. 

(a, b) show the beam focusing scenarios after the objective recorded before and after the use 

of an aberration compensation, respectively; (c-e) correspond to the generated NABs 

following a circular, parabolic and elliptic trajectory via the aberration-corrected system; (f) 

beam propagation under the same condition of (c) but without the correction phase for 

direct comparison. 

Fig. 5. Experimental generation of a non-paraxial autofocusing beam. (a-d): Snapshots of 

the transverse intensity patterns taken at planes as marked by dashed white lines in (e), 

where the propagation side-view of the autofocusing beam is presented, and the curved 

white dashed lines follow part of a circle with the radius being 100 μm. 
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lens Radius of curveture (mm) n 

Convex lens (L1) 8 1.5163 

Concave lens (L2) - 8 1.6055 

Convex lens (L3) 6 1.5163 

Concave lens (L4) - 6 1.6055 

Single lens (L5) 2.3 1.5163 
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