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Abstract

:

We show that single-pulse burst fabrication will produce a flatter and smoother profile of axicons milled on sapphire compared to pulse overlapped fabrication which results in a damaged and much rougher surface. The fabrication of large-area (sub-1 cm cross-section) micro-optical components in a short period of time (∼10 min) and with less processing steps is highly desirable and would be cost-effective. Our results were achieved with femtosecond laser fabrication technology which has revolutionized the field of advanced manufacturing. This study compares three configurations of axicons such as the conventional axicon, a photon sieve axicon (PSA) and a sparse PSA directly milled onto a sapphire substrate. Debris of redeposited amorphous sapphire were removed using isopropyl alcohol and potassium hydroxide. A spatially incoherent illumination was used to test the components for imaging applications. Non-linear reconstruction was used for cleaning noisy images generated by the axicons.
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1. Introduction


Axicons are diffractive optical elements which have a line focus. Importantly. axicons are Bessel beam generators and can be used for a range of different applications including optical trapping [1,2]. Bessel beams are important as they are diffraction resistant and can be used for optical imaging applications [3] and biomedical applications such as ultrasound imaging [4,5,6]. (Figure 1) shows the lens axicon with its unique large depth of focus (DOF) and Bessel beam generation.



In this body of work, an optimal and record processing time for micro-optical components is described, where the process used has fewer steps and is more cost effective than previous attempts. Instead of using axicon lenses, micro-optical binary surface axicons with a two phase or amplitude configurations are used. The extra configurations give rise to, in total, three different diffractive optical elements: a conventional surface axicon, surface photon sieve axicon (PSA), and sparse surface photon sieve axicon (sparse PSA) which were directly milled onto a sapphire substrate.



This particular micro-optical component falls into the category of diffractive optics and plays an important role in many areas of research; furthermore, they have been manufactured using different techniques. The techniques generally employed are photolithography [7], electron beam lithography [8], and ion beam lithography [9], which are time-consuming and expensive, making the device itself expensive. Femtosecond laser ablation is superior to all of the above methods with only one exception: the ability to deliver a practical solution for large areas such as millimeter-to-centimeter-scale micro-optical element fabrication [10,11,12,13]. Lately, there has been a shift in focus in imaging research from using coherent light sources to incoherent ones due to the many advantages of the latter, such as their broad applicability, low cost, and high resolving power. We have used femtosecond fabrication with ablation to rapidly fabricate two-level axicons directly onto sapphire substrates. Two configurations, conventional ring and sieve configurations, were produced. Furthermore, our work focused on rapid fabrication to manufacture large-area diffractive optical elements for astronomical imaging applications [14].



The beam characteristics were investigated for a spatially incoherent illumination since it is available at low cost and is therefore relevant to large-scale astronomical applications. In astronomy, large area devices are required which can be easily manufactured using femtosecond fabrication systems. The optical configuration of light diffracted from a point object is incident on a diffractive axicon and the intensity distribution is recorded (shown in Figure 2).




2. Results and Discussion: Laser Ablation and Imaging


2.1. Laser Ablation


The fabrication was carried out on a sapphire substrate of 500  μ min thickness and 10 mm by 10 mm in size. Sapphire has a refractive index of    n  s a p p h i r e   = 1.76   and has a spectral window from 300 nm to 6000 nm. The milling depth, t, is determined by the relationship between the wavelength that the diffractive optical element is desired to interact with and the refractive index of the material (  t = λ / 2 (  n  s a p p h i r e   − 1 )  ). The thickness t was determined to be 400  μ m for  λ  ≈ 600 nm. The wavelength source for optical testing is 617 nm. Acetone and Iso-Propyl alcohol were used to clean the substrate prior to fabrication.



Three optical devices—a conventional surface axicon, surface photon sieve axicon (PSA), and sparse surface photon sieve axicon (sparse PSA), shown in Figure 3a,b,c respectively—were created using the light conversion PHAROS laser operating at a 200 kHz repetition rate,  λ  = 1030 nm wavelength, 2.5 W average power, 230 fs pulse duration and a 5× magnification, NA = 0.14 numerical aperture Mitutoyo Plan APO NIR infinity corrected objective lens. Two pulses per ablation spot were used to ablate the regions of the axicon; as a consequence, these more heavily overlapped regions incurred ripple formation. The attenuator serves to create more precise beam energies in combination with the objective lens. Here, a 5  μ J beam was used to achieve the fabrication which led to pulse energies of 70 TW/cm2, even though the ablation threshold of sapphire is only in the order of 10 TW/cm2 and with ablation spots with a diameter of 8.9  μ m.




2.2. Imaging


Optical testing was carried out according to Figure 2 using a high-power LED and a spectral filter to improve the temporal coherence. A pinhole with a size of 100  μ m and a cross shaped object Figure 4a,b were used for imaging. A 3× magnifying system was used to re-image the intensity distribution that is close to the diffractive optical elements on an image sensor. These optical elements were mounted one after the other and the intensity distributions were recorded at 5 mm for the axicon, PSA and sparse PSA. The pinhole was replaced by a cross object and the intensity patterns again were recorded at 3 cm from the DOEs. Again, the images were cleaned using non-linear reconstruction and to further improve the cleaning results, additional filters such as a median filter and correlation filters were used. A significant difference was seen in the cleaned images compared to the original images without filters.





3. Conclusions and Future Works


This study showed that the fabrication time could be cut to 10 min using the femtosecond laser fabrication method for large-area, i.e., 5 mm × 5 mm, objects. It was noticed that the beam overlap during milling resulted in the redeposition of material resulting in a lower depth than the case without beam overlap, which is contrary to the common belief that overall higher exposure with the beam overlap increases the depth. An increase in roughness has been noticed and it is contributed to by the redeposition and light-matter interaction at temperature changes due to the ablation process. It is noted that debris will have to be reduced to avoid a build-up of rough areas. Some of the latest developments in astronomical spectral imaging technologies such as FOBOS require numerous micro-optical devices for the successful implementation of free space to fiber bundle coupling for spectral imaging. The current work shows the possibility of rapid fabrication and beam cleaning capable of retrieving spatial information in addition to the recorded spectral information.
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Figure 1. Conventional axicon lens simulated in OSLO software for application at a wavelength of 550 nm. Depth of focus equation for conventional axicon lens. 
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Figure 2. Optical configuration for the generation of Bessel beams by a diffractive axicon. u is the distance from the object being imaged, and v is the distance between the imaging axicon to the sensor. In this case u = v. Reprinted with permissions from Ref. [14]. Copyright 2022 Applied Physics B. 
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Figure 3. Optical microscope images of the three different devices created: a conventional surface axicon (a), surface photon sieve axicon (PSA) (b), and sparse surface photon sieve axicon (sparse PSA) (c). Below we provide the optical profilometer images of the conventional surface axicon (d) and sparse surface photon sieve axicon (sparse PSA) (e). Reprinted with permissions from Ref. [14]. Copyright 2022 Applied Physics B. 
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Figure 4. Intensity distribution of cross object recorded at (a) z = 5 cm and (b) z = 6 cm and the corresponding cleaned images (c) z = 5 cm and (d) z = 6 cm, respectively. Intensity distribution of synthetic object ‘APHB’ recorded at (e) z = 5 cm and sparse (f) z = 6 cm and the corresponding cleaned images (g) z = 5 cm and (h) z = 6 cm, respectively. Reprinted with permissions from Ref. [14]. Copyright 2022 Applied Physics B. 
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