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Aberration and self-reconstruction of zero-order Bessel 

beams in isolated and array format generated using 

positive and negative axicon lenses 

Abstract: Bessel beam arrays, which can be created involving multiple axicons, diffractive elements, and 

interference effects, can experience several types of aberrations that distort their ideal characteristics, limiting 

their applications in microscopy, photonics, and material processing. For instance, Tilt aberration occurs when 

the individual axicons or optical elements in the Bessel beam array generation setup are misaligned or tilted 

relative to each other. This tilt can affect the beam's quality, focusing ability, and propagation characteristics. 

The present study experimentally investigated how any tilt associated with the axicon lens (of both positive and 

negative surface profiles) affects the spatial characteristics of Bessel beams in isolated as well as in array 

formats. In particular, the aberration characteristics of [1x7] Bessel beam arrays of conical half-angle up to 11 

degrees were studied. The spatial filtering of Bessel beam arrays was also demonstrated. 

Keywords: Bessel Beam, Optical Array, Aberration, Self-reconstruction, Dammann Grating  

 

1. Introduction 

The motivation to study aberrations in Bessel beam arrays stems from a wide range of practical concerns, 

including improving imaging quality, enhancing optical manipulation techniques, advancing communication 

systems, designing smart manufacturing techniques, and pushing the boundaries of optical engineering. 

Generally, aberrations of a light beam caused by either off-axis illumination or focusing conditions, significantly 

degrade the beam’s spatial profile, and often reducing the focal depth. Such aberration characteristics thus act as 

detrimental factors in microscopy and material processing, where precise control over the beam characteristics is 

mandated [1,2]. Therefore, the aberration effects of primarily the isolated (i.e., single) Gaussian laser beams are 

widely studied, and indeed many schemes to minimize the effects of aberrations by using adaptive optics, spatial 

light modulator (SLM) etc. have been proposed [3,4].  

The optical beam arrays are eventually emerged as a powerful technology with the potential to enhance beam 

control (complex beam patterns, multiple beams) and manipulation, often required for LIDAR, free space 

optical communications [5,6], optical interconnect [7,8], optical trapping [9] and material processing [10–12]. 

Indeed, the early investigations were primarily focused on the generation of beam arrays of Gaussian spatial 

features using diffractive optical elements (DOE), SLM, lenslet array and grating. In order to further enhance 

the potential of beam array technology, recently interests have been aroused towards realizing array of non-

diffractive beams such as Bessel beams, Airy beams etc. [13–17] with self-reconstruction ability [18]. For 

instance, S. Orlov et al. [19] have demonstrated array of Bessel-like beams with independent axial intensity 

distributions. The array concept was also exploited for the realization of parallel vortical optical needle beams 

[20,21]. Nevertheless, to understand the limitations of beam array technology, it is imperative to study the 

aberration characteristics of optical beams in array configurations.      

Among the different classes of non-diffracting beams, Bessel beams stand out in terms of their remarkable 

spatial characteristics [13]. For instance, zero-order Bessel beams have a narrow central spot that maintains 

reasonable intensity over a long propagation distance and have exceptional stability in nonlinear propagation 
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regimes. These properties make them ideal, especially for applications like material processing, optical trapping, 

microscopy, and plasma physics  [13,22–28]. Such beams can be generated using annular aperture, axicon lens, 

SLM, DOE etc. Because of its passive in nature, ease of use and high throughput, axicon lens is found in most 

Bessel beam generation arrangements [29]. Researchers have explored axicon lenses with various surface 

profiles [30–33]. For instance, axicon lenses with negative surface profiles were used to generate high cone 

angle Bessel beams, potentially useful in material processing and plasma physics [30–32]. It is worth noting that 

similar to a spherical lens, any off-axis illumination of axicon lens can introduce aberration into the generated 

Bessel beams; the corresponding radial symmetry gets distorted and effective depth of focus also gets reduced 

[34]. This becomes a concern, especially in scanning systems that rely on axicon lenses, as even slight 

deviations from perfect alignment can lead to aberrated Bessel beams, degrading the system performance [25].  

The impact of aberrations on isolated Bessel beams was therefore studied by several researchers [35–39]. For 

example, Thaning et al. showed that tilting a circular axicon lens during illumination, which would generate 

aberrated Bessel beams, has the same effect as using an elliptical axicon lens with straight-on illumination [39]. 

Jaroszewicz et al. capitalized on this concept, demonstrating aberration correction using an axicon with a fixed 

level of ellipticity controlled by SLM [36]. Cheng et al. further developed this idea, achieving aberration 

correction with variable ellipticity via an SLM [38]. This approach to aberration compensation has even been 

applied in glass processing [40,41].  

Although several efforts were made to understand the aberration characteristics of Bessel beams, it was 

primarily with single Bessel beams. However, the aberration effects were never studied for Bessel beam arrays        

[42–45], which can be a potential tool for applications in the fields of parallel material processing, microscopy, 

and plasma physics. Therefore, the present study aims to investigate the aberration characteristics of Bessel 

beam arrays generated using axicon lenses of different surface profiles i.e., positive and negative, in 

combination with a telescopic arrangement. For sake of comparison, the aberration characteristics of single 

Bessel beams were also studied. 

 

2. Experimental setups and results 

The experimental setups were developed to generate zero-order Bessel beams in isolated and array format and to 

evaluate their spatial characteristics. For instance, Fig. 1(a) shows a typical setup used for the generation of high 

cone angle Bessel beams using a “positive” axicon lens. The Gaussian CW laser beams of 532 nm wavelength 

were first incident on a polymer linear-phase, positive axicon lens of 177-degree apex angle. Such an 

arrangement generates low cone angle Bessel beams. The generated Bessel beams were further de-magnified 

(Magnification, M = 1/16.6) using a telescope consisting of a plano-convex lens-1 (f=150 mm) and an objective 

lens -2 (20X/0.4 NA). Such an arrangement thus generates high cone angle Bessel beams in the focal region of 

objective lens-2. In order to reveal the spatial characteristics of the generated high cone angle Bessel beams, a 

magnification system (M=32) comprising of a plano-convex lens-3 (f=150 mm) and an objective lens-4 

(20X/0.4 NA) coupled with a CMOS camera (Pixel size = 3.45 µm) was employed. A series of radial (R) cross-

sectional profiles of Bessel beams were recorded (camera exposure time of 0.5 ms) along the beam propagation 

direction (Z-axis) with a longitudinal resolution (dZ) of 5 µm. The recorded radial beam profiles were further 

processed using MATLAB software to obtain the spatial characteristics of resultant Bessel beams. These beam 
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generation and characterization methods were the same for both single and arrayed Bessel beams. Both positive 

and negative surface profiles of axicon lenses were considered for beam generation. In addition to this, a grating 

was placed before the axicon lens in the case of Bessel beam array generation. In the following, the Bessel beam 

characteristics under various experimental conditions are discussed. 

2.1 Positive axicon lens-based Bessel beam generation: 

As described above, a “positive” axicon lens (177° apex angle) was employed in combination with a suitable 

telescope to generate micro-Bessel beams. Fig. 1 (b) shows a longitudinal (R-Z) profile of generated Bessel 

beams of conical half-angle of 11° with a central core size (full width at half-maxima-FWHM) of 1 µm and non-

diffractive FWHM distance of 315 µm. The aberration characteristics of such Bessel beams were further 

studied. To do so, keeping all other optical elements and their positions the same, the axicon lens (mounted on a 

rotational stage of 2-degree resolution) was rotated/tilted with respect to its normal illumination position. In the 

present case, the axicon tilt angles varied in the range of zero to 16 degrees, and corresponding Bessel beam 

profiles were recorded. Fig. 1(b-e) shows the R-Z profiles of Bessel beams corresponding to α = 0, 8, 12, and 16 

degrees respectively. The corresponding radial profiles at a fixed longitudinal position, i.e., Z1 = 255 µm, are 

shown in Fig. 1(f-i). It is evident from the figure that the radial profile gets distorted from a concentric-ring 

pattern to a diamond-shaped pattern upon increasing the tilt of the axicon lens, as reported earlier by several 

researchers [35–39]. This beam profile transformation starts from the tail of Bessel beams. For instance, if the 

laser beam propagates from the left to right direction, then the beam distortion starts from right to left when the 

axicon is tilted. The beam profiles shown in Fig. 1(h,i) clearly advocate the above phenomena. Additionally, a 

lateral shift in the position of the entire Bessel beam was observed when the beam was generated using a tilted 

axicon lens. A quantitative analysis showed no significant change in the Bessel beam radial profile over the 

entire non-diffractive zone occurs for α< 8°. In contrast, for α> 8°, the radial beam profiles start to distort along 

the non-diffractive zone, starting from the tail; central core intensity drops, and outer ring intensity enhances, as 

evident from the insets to Fig. 1(h,i). In other words, it can be said that the longitudinal non-diffractive distance 

reduces with increasing axicon tilt angle. 

2.2 Negative axicon lens-based Bessel beam generation: 

The Bessel beam can be generated not only using a positive axicon lens but also using a negative axicon lens. 

The only difference between both cases is the beam evolution pattern. For instance, Ray 1, i.e., marginal rays of 

input Gaussian beam meet at the “end-point” of Bessel beams that are generated using a positive axicon lens 

followed by a telescope, as evident from Fig. 1(a). In such case, Ray 2, i.e., central light rays, meet at the “start-

point” of Bessel beams. In contrast, Ray 1 meets at the “start-point” of Bessel beams that are generated using a 

negative axicon lens followed by a telescope, as evident from Fig. 2(a). In such case, Ray 2 meets at the “end-

point” of Bessel beams. Basically, the start- and end-points of Bessel beams flip with respect to the surface 

profiles of the axicon lens. In the present study, Bessel beams were also generated using a negative axicon lens 

(177.8° apex angle) in combination with a suitable telescope. Fig. 2(b) shows a longitudinal profile of generated 

Bessel beams of conical half-angle of 9.5° with a FWHM central core size of 1.2 µm and non-diffractive 

FWHM distance of 340 µm. The aberration characteristics of such Bessel beams were further studied. To do so, 

keeping all other optical elements and their positions the same, the negative axicon lens was tilted (up to 16°) 

with respect to its normal illumination position, and corresponding Bessel beam profiles were recorded. Fig. 
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2(b-e) shows the R-Z profiles of Bessel beams corresponding to α = 0, 8, 12, and 16 degrees respectively. The 

corresponding radial profiles at a fixed longitudinal position, i.e., Z1 = - 175 µm, are shown in Fig. 2(f-i).  

Like the positive axicon lens, the “distorted radial profile” and “lateral beam shifting” were also observed in 

the case of tilted negative axicon lens-generated Bessel beams. In this case, also, the beam profile distortion, i.e., 

from a concentric- ring to a diamond-shaped pattern, starts from the end-point of Bessel beams. Interestingly, 

the laser beam propagates from left to right direction, and the beam distortion also begins from left to right. The 

radial beam profiles (captured at Z2 = - 300 µm) shown in Fig. 2(h,i) clearly advocate the above phenomena. 

From a quantitative analysis, it was also observed that no significant change in the Bessel beam radial profiles 

over the entire non-diffractive zone occurs for α< 8°. In contrast, for α> 8°, the radial beam profiles start to 

distort along the non-diffractive zone, starting from the tail-point; the central core intensity drops and the outer 

ring intensity enhances, as evident from the insets to Fig. 2 (h,i). The longitudinal non-diffractive distance also 

reduces with increasing axicon tilt angle. 

2.3 Positive axicon lens- and grating-based Bessel beam array generation: 

An array of Bessel beams can be generated using passive optical elements such as Dammann-like grating and 

axicon lens [23,42,43].  Here, we followed the array generation method described in Ref. [42]. At first, one-

dimensional Dammann-like gratings on the front surface of 3 mm thick soda lime glass materials were 

machined using a nanosecond pulsed laser. The grating period was maintained at 200 µm with a transition point 

of 0.5. Fig. 3(a) shows a typical setup used for the generation of an array of high cone angle Bessel beams using 

the grating as mentioned above, a positive axicon lens (177° apex angle), and a telescope (same as shown in Fig. 

1(a)). A Gaussian CW laser beam of 532 nm wavelength was incident on the grating, followed by all other 

considered optical elements. A high cone angle Bessel beam array was thus generated in the focal zone of 

objective lens-2. The beam imaging setup and procedure were the same for the entire study. Fig. 3(b) shows a 

longitudinal (R-Z) profile of the generated array ([1x7] dimension) of Bessel beams of conical half-angle of 11 

degrees with FWHM central core size of 1 µm and non-diffractive FWHM distance of 315 µm. The intensities 

of different diffracted orders of light (Bessel beams) are not uniform, although the uniformity can be maintained 

by using phase grating [46] instead of amplitude grating as in the present case. In particular, the intensity of 

third-order diffracted light is relatively low compared to other diffracted orders. The diverging angle, i.e., 

between zero- and third-order light, was observed to be 6.6 degrees. It was also observed that the Bessel beam 

spatial characteristics are approximately the same whether it is in isolated (i.e., single) or in array format.  

Further, the aberration characteristics of the generated Bessel beam array were studied. In this case, keeping 

all other optical elements and their positions the same, the positive axicon lens was tilted (up to 16°) with 

respect to its normal illumination position, and corresponding Bessel beam radial profiles were recorded. Fig. 

3(b-e) shows the R-Z profiles of Bessel beam arrays corresponding to the axicon tilts of 0°, 8°, 12° and 16° 

respectively. The corresponding radial profiles at a fixed longitudinal position, i.e., Z = 265 µm, are shown in 

Fig. 3(f-i). As with aberrated (i.e., when the axicon lens is tilted), isolated-Bessel beams, the aberrated, arrayed-

Bessel beams have distorted radial patterns in each diffracted order of light (i.e., beamlets). In each beamlet, the 

beam profile transformation (from concentric ring to diamond pattern) starts from the tail of Bessel beams, i.e., 

the opposite direction of beam propagation. It is also evident from Fig. 3 that the lateral shift in the entire Bessel 

beam array does occur in the case of a tilted axicon lens. The longitudinal non-diffractive distance of individual 
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Bessel beams of the array also reduces with increasing axicon tilt angle, similar to the case of aberrated, isolated 

Bessel beams. 

2.4 Negative axicon lens- and grating-based Bessel beam array generation: 

An array of high cone angle Bessel beams was also generated using a grating (200 µm period and transition 

point of 0.5), a negative axicon lens (177.8˚ apex angle), and a telescope (same for the entire study) as illustrated 

in Fig. 4 (a). The beam imaging setup and procedure were the same for the entire study. A Gaussian CW laser 

beam of 532 nm wavelength was used for beam characteristics evaluation. Fig. 4(b) shows a longitudinal profile 

of a “negative” axicon lens-generated array ([1x5] dimension) of Bessel beams of conical half-angle of 9.5° 

with a FWHM central core size of 1.2 µm and non-diffracting FWHM distance of 340 µm. It was also observed 

that the Bessel beam spatial characteristics are approximately the same whether in isolated or array format. The 

aberration characteristics of such Bessel beam arrays were further studied. In this case, keeping all other optical 

element positions the same, the “negative” axicon lens was tilted (up to 16°) with respect to its normal 

illumination position, and corresponding Bessel beam radial profiles were recorded.  

Fig. 4(b-e) shows the R-Z profiles of Bessel beam arrays corresponding to the axicon tilts of 0, 8, 12, and 16 

degrees, respectively. The corresponding radial profiles at a fixed longitudinal position, i.e., Z = -310 µm, are 

shown in Fig. 4(f-i). As with aberrated (i.e., when the axicon lens is tilted), isolated-Bessel beams, the aberrated, 

arrayed-Bessel beams have distorted radial patterns in each beamlet where the beam profile transformation 

(from concentric-ring to diamond-pattern) starts from the tail of Bessel beams, i.e., along the beam propagation 

direction. It is also evident from Fig. 4 that the lateral shift in the entire Bessel beam array does occur in the case 

of a tilted axicon lens. The longitudinal non-diffractive distance of individual Bessel beams of the array also 

reduces with increasing axicon tilt angle. 

2.5 Self-reconstruction property of Bessel beams: 

Self-reconstruction is an important property of non-diffractive optical beams [18]. Here, we studied this 

property of zero-order Bessel beams. The isolated (i.e., single) and arrayed Bessel beams were generated using 

suitable optics, as discussed in earlier sections (see Fig. 1(a) and Fig. 3(a)). In this case, an additional obstacle 

(200 m wide, square-shaped) was placed next to the axicon lens, keeping all other optical elements the same as 

illustrated in Fig. 5(a). The beam imaging modality was the same for the entire study. Fig. 5(b) and (c) show the 

longitudinal (R-Z) profiles of the generated Bessel beams of conical half-angle of 11 degrees corresponding to 

both unobstructed and obstructed conditions, respectively. It is clearly evident from the figures that the Bessel 

beams self-reconstruct after 100 m (obstruction zone) after encountering an obstacle. Fig. 5(d) illustrates such 

phenomenon of self-reconstruction. The same phenomenon was also observed in the case of the Bessel beam 

array. Fig. 5(e) shows a longitudinal (R-Z) profile of the generated diverging array ([1x7] dimension) of Bessel 

beams of conical half-angle of 11 degrees. When such an array encounters with an obstacle placed at the center 

of the beam, i.e., along the 0-th order diffraction, the obstruction zone (OZ) appears as evident from Fig. 5(f). 

Indeed, the central Bessel beams self-reconstruct after 100 m. Note here that no change in the Bessel beam 

profiles of other beamlets of the array was observed. Similarly, when the obstacle was placed off-axis, the 

obstruction zone appeared only along the 1-st order diffraction of the beam array, as evident from Fig. 5(g). 
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3. Discussions 

As demonstrated in the present study, the zero-order Bessel beams can be generated using refractive-type axicon 

lenses of both positive and negative surface profiles. One striking feature that was observed in the case of the 

negative axicon lens was the beam evolution pattern opposite to that of the positive axicon lens. One may note 

here that there is an advantage in using a negative axicon lens for Bessel beam generation. In this case, no 

Bessel beams form right after the negative axicon lens, unlike in the case of a positive axicon, where Bessel 

beams form right from the tip of the axicon lens. Such a situation is expected to be advantageous when 

ultrashort laser pulses are used, especially for laser material processing. This is because the intense Bessel 

central core may ablate the convex lens that follows the axicon lens. It’s worth noting here that obtaining a 

negative axicon with sharp depression at its center is a challenging mechanical fabrication job [30]. 

Interestingly, non-perfect i.e., oblate-tip, positive axicon lenses, have also found applications in material 

processing due to asymmetry in the beam profile [47]. Such appealing applications thus motivate researchers to 

design strategies for more generalized asymmetric Bessel beam generation [48,49]. The array of Bessel beams 

can be generated by several means, as reported in the literature [42–45]. In the present study, arrays ([1x7] 

dimension) of Bessel beams were produced using both types of axicon lenses in combination with Dammann-

like grating and telescope. Such an arrangement provides the flexibility to obtain a Bessel beam array at any 

desired position, which would otherwise start next to the optical elements, such as metasurface-based axicon 

[44].    

The aberration phenomenon is generally known for its detrimental effect on beam quality. Here, four 

primary observations related to zero-order Bessel beams of high-cone angles up to 11 degrees were made. (i) 

The radial profile of Bessel beams gets distorted (i.e., from concentric ring to diamond-shaped profile) when the 

laser beam propagates through a tilted axicon lens irrespective of its surface profile, i.e., positive or negative. (ii) 

The non-diffractive length of Bessel beams gets reduced with increasing tilt angle of both positive and negative 

axicon lenses, as evident from Fig. 6. Here, the non-diffractive length is normalized (i.e., with respect to the 

non-aberrated Bessel beams), for better comparison between positive and negative axicon lenses. There was also 

a surprising observation on the aberration of Bessel beams generated using a negative axicon lens. In this case, 

the non-diffractive length diminishes faster than positive axicon lens-generated Bessel beams. This may be 

partially due to any manufacturing defect associated with negative axicon lens fabrication. (iii) The spatial 

characteristics, such as the central core size of generated Bessel beams, remain conserved in either case, i.e., 

isolated and array format. The flipped beam evolution pattern in the case of the negative axicon lens was also 

seen in the relevant Bessel beam array. (iv) The aberrated beams, i.e., both isolated and arrayed Bessel beams, 

were observed to be displaced laterally with respect to the non-aberrated (i.e., zero axicon tilt) beams. For 

example, a lateral shift of about 32 µm was observed in the case of aberrated Bessel beams due to the positive 

axicon tilt of 16 degrees. The magnitude of the lateral shift was observed to be the same in both isolated and 

array Bessel beams.  

The self-reconstruction phenomenon (i.e., regeneration of beams after encountering an obstacle) of zero-

order Bessel beams is beneficial in laser processing and microscopy applications, where many undesired sample 

contaminants exist. Such contaminants may obstruct the incident Bessel beams. Indeed, we observed such a 

phenomenon where the Bessel beams got obstructed by an obstacle but fully regenerated after 100 m of 

propagation.  This robustness to obstacle encounters can also be observed in the case of the Bessel beam array. 
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We experimentally observed the beam reconstruction in various beamlets of the array, i.e., along different 

diffraction orders. This observation testifies the fact that obstacle encounters in one beam do not alter the beam 

characteristics of other beams in an array, as would be needed for parallel processing applications. As the beam 

obstruction occurs over a certain propagation distance, which depends on the lateral size of obstacle, one may 

exploit this feature for spatial filtering of beamlets in the array format. For instance, three square-shaped 

obstacles (i.e., glass plate with laser machined opaque area) of 50, 200 and 500 m wide were placed at 

longitudinal positions of 10 mm, 50 mm and 150 mm respectively with respect to the axicon lens; this 

arrangement resulted into an array of Bessel beams almost without the central Bessel beam as evident from Fig. 

7 (a, c). This spatial filtering method was further exploited for complete suppression of negative diffraction 

orders by suitably placing an obstacle (i.e., 75 mm long slab) in an off-axis manner. Fig. 7(b, d) show the 

longitudinal profile image of Bessel beam array with only positive orders of diffraction. Such spatial filtering 

arrangement thus may enable new light-matter interaction geometries involving multiple Bessel beams of 

desired configuration, with potential applications in optical tweezers, material processing and nonlinear optics.         

    

4. Conclusion 

Zero-order Bessel beams in isolated and array format were experimentally generated primarily using refractive 

type axicon lens of both “positive” and “negative” surface profiles. In particular, Bessel beams of conical half-

angle up to 11 degrees and an array of [1×7] dimensions were obtained using a 200 µm period, one-dimensional 

Dammann-like grating combined with an axicon lens of 177-degree apex angle. Towards understanding the 

robustness of generated high cone angle Bessel beams, the aberration effect was studied. It was observed that 

the Bessel beams, whether they are in isolated or in array format, retain the typical concentric-ring type radial 

profile until 8 degrees of axicon tilt angles, setting a tolerance limit. We, therefore, anticipate that the aberration 

results would significantly help in designing future machining and microscopy experiments. The robustness of 

Bessel beams against obstacle encounters was also evident from the self-reconstruction studies, where any 

Bessel beam in an array could recover the typical Bessel radial pattern after a certain regeneration length. We 

further demonstrated that using spatial filtering i.e., with the help of suitable beam blocks after the axicon lens, 

one may selectively isolate different beamlets of an array. 
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Fig. 1.(a) Illustrative diagram of zero-order Bessel beam generation using positive axicon lens. Ray 1 and Ray 2 

correspond to the light rays that propagate along the marginal and central axis, respectively. The longitudinal (R-Z) 

cross-sectional profile images of generated Bessel beams of 11° conical half-angle corresponding to various axicon 

tilt angles are shown as follows: (b) α = 0°, (c) α = 8°, (d) α = 12°, and (e) α = 16°. (f-i) The radial cross-sectional 

profiles of Bessel beams at fixed longitudinal distances, i.e., Z1= 255 µm and Z2= 380 µm (insets), are shown for all 

considered axicon tilt positions. 
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Fig. 2. (a).  Illustrative diagram of zero-order Bessel beam generation using negative axicon lens. Ray 1 and Ray 2 

correspond to the light rays that propagate along the marginal and central axis, respectively. The longitudinal (R-Z) 

cross-sectional profile images of generated Bessel beams of 9.5° conical half-angle corresponding to various axicon 

tilt angles are shown as follows: (b) α = 0°, (c) α = 8°, (d) α = 12°, and (e) α = 16°. (f-i) The radial cross-sectional 

profiles of Bessel beams at fixed longitudinal distances, i.e., Z1= - 175 µm and Z2= - 300 µm (insets), are shown for 

all considered axicon tilt positions. 
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Fig. 3. (a) Illustrative diagram of zero-order Bessel beam array generation using Dammann-like grating of 200 µm 

period, positive axicon lens, and a telescope. The longitudinal (R-Z) cross-sectional profile images of a generated 

array of Bessel beams of 11° conical half-angle corresponding to various axicon tilt angles (α) are shown as follows: 

(b) α = 0°, (c) α = 8°, (d) α = 12°, and (e) α = 16°. (f-i) The radial cross-sectional profiles of Bessel beams at a fixed 

longitudinal distance, i.e., Z = 265 µm, are shown for all considered axicon tilt positions. The zoomed images of zero-

order and first-order diffracted beams are also shown as insets. 
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Fig. 4. An illustrative diagram of zero-order Bessel beam array generation using Dammann-like grating of 200 µm 

period, negative axicon lens, and a telescope is shown in (a). The longitudinal cross-sectional profile images of the 

generated array of Bessel beams of 9.5° conical half-angle corresponding to various axicon tilt angles (α) are shown 

as follows: (b) α = 0°, (c) α = 8°, (d) α = 12°, and (e) α = 16°. (f-i) The radial cross-sectional profiles of Bessel beams 

at a fixed Z = - 310 µm are shown for all considered axicon tilt positions. 
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Fig. 5. Self-reconstruction property of zero-order Bessel beams. An illustrative diagram of the Bessel beam (11° 

conical half-angle) generation setup is shown in (a). The longitudinal cross-sectional profile images of the generated, 

isolated (single) Bessel beams corresponding to both unobstructed and obstructed conditions are shown in (b) and (c), 

respectively. (d) An illustrative diagram of obstacle presence within the axicon lens-generated Bessel beams. The 

longitudinal cross-sectional profile images of the array [1x7] of Bessel beams corresponding to various unobstructed 

and obstructed conditions are shown in (e-g). (f) and (g) represent the cases where the obstacle was present along the 

0-th order and 1-st order diffraction, respectively. 
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Fig. 6. Longitudinal non-diffractive distance (normalized) variation of aberrated Bessel beams generated using positive and 

negative axicon lenses. The normalization was done with respect to the non-aberrated (i.e., zero axicon tilt angle) Bessel beams. 

 

 

Fig. 7. Demonstration of selection of diffraction orders via spatial filtering in case of Bessel beam array (11° Bessel conical half-

angle, [1x7] array format). (a) The longitudinal cross-sectional profile image of the generated Bessel beam array with significant 

suppression of central beam. (b) The longitudinal cross-sectional profile image of the generated Bessel beam array with 

suppression of negative diffraction orders. The respective radial cross-sectional profiles of Bessel beam arrays recorded at Z = 

240 µm are shown in (c) and (d).  

 

 

Data availability.  

Data will be made available on request. 
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