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We compare micromachining results with Gaussian and Bessel beams using an UV picosecond laser system and demonstrate feasibility to produce tungsten gratings for x-ray interferometry medical imaging, and sub-micrometer size hole patterns. The advantages of Bessel beams compared to Gaussian beams, are demonstrated for micromachining of rectangular shallow profile gratings with sharp edges. The high-aspect ratio grating (10 microns wide and 200 microns deep) from tungsten foil could only be obtained with the Gaussian beam and focusing with an F-Theta type lens. Bessel beams contain significant amount of energy in the side lobes in comparison with the central peak. The limited amount of the pulse energy in the central, 2-micron peak of the beam and destruction of the Bessel beam structure due to the narrow slit clipping the side lobes, prevented the Bessel beam deeper penetration. On the other hand, the axicon lens and the Bessel beam shape enable creation of shallow sub-micron size structures.
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INTRODUCTION
Traditionally, for more than 100 years, the x-ray imaging was limited to absorption contrast. It has been proven to work very well for imaging of bones and teeth. However, absorption x-ray imaging of soft tissues requires rather high doses deposited to the patient to obtain a reasonable contrast. Grating interferometry (GI) [1–3] is a novel imaging technique that has the potential to revolutionize medical imaging. Using advanced x-ray optics, GI records three complementary signals in a single acquisition: the absorption image, the differential phase contrast image, and the scattering image. The resulting rich contrast mechanisms provide additional information to improve diagnostic contents, yet decreasing the dose deposited to the patients, which opens new opportunities for medical imaging. While GI method was extensively developed in the last decade, the bottleneck for implementation of the method into real world clinics remains reliable production of gratings and their high cost of production. With laser micromachining, we aim to develop reliable gratings fabrication method with large area scalability and cost reduction perspectives.
Laser micromachining is a technique for precise structuring down to few µm feature size in metals, dielectrics, and other materials. Pico- or femtosecond laser machining minimizes the heat-affected zone, micro cracks, and other unwanted effects, down to 1 µm level. The thermal diffusion during the ablation process can be minimized, thus giving the possibility of a very stable and reproducible machining process [4–9].
Bessel beam formation with axicon lenses has demonstrated possibility to form structures with lasers in sub-micron width, allowing high aspect ratio structures in various materials. For example, axicons are used to produce optical waveguides and microfluidic channels in transparent glass [10–12]. High aspect ratio microchannel of 40:1 with 2 µm diameter could be obtained in glass with Bessel beams with femtosecond laser pulses [13]. Such axicon lenses are also used to produces micro holes in PMMA, thus allowing ultra-high aspect ratio of 560:1 with high quality sharp edges [14]. However, the previous work in high-aspect ratio holes with Bessel beams involved only transparent materials.
Particular attention must be paid to the choice of the axicon lens and its geometric properties. A rounded tip will not achieve the propagation properties of a quasi-Bessel beam [15]. High-quality axicon can be obtained with the combination of femtosecond laser ablation and CO2 laser polishing avoiding large tip radius [16]. The tip shape error can be then limited below 10 µm [17].
We investigated ps UV laser with Gaussian and Bessel beam focusing to achieve x-ray gratings in metals with a few micrometer pitch and 100–200 μm depth, and high quality, sharp rectangular edges. In addition, we explored sub-micron structuring with Bessel beams and achieved sub-micron hole patterns in metal.
MATERIALS AND METHODS
We used in these experiments a picosecond laser system Duetto from Time-Bandwidth Products AG (currently Lumentum), emitting wavelength λ = 1,064 nm and externally converted with nonlinear crystals to UV at λ = 355 nm. The IR laser generates pulses with 10 ps duration, an adjustable pulse repetition rate from 50 to 8,200 kHz and an average power up to 15 W. A pulse on demand module (POD) serves as the shutter at the output of the laser with single-pulse picking from single shot to 1,000 kHz pulse repetition rate. Synchronization with the scanner and translation stages enables microstructuring down to 1 µm level (see Fehler! Verweisquelle konnte nicht gefunden werden., laser source).
We implemented two focusing configurations. The first setup (see Fehler! Verweisquelle konnte nicht gefunden werden., setup 1) consist of an F-Theta lens with focal length f = 32 mm, the laser beam movements are controlled via a scanner (x- and y-axis) and a dynamic focusing unit (z-axis), both also synchronized with the laser pulses.
The second setup (see Fehler! Verweisquelle konnte nicht gefunden werden., setup 2) is implemented via focusing with an axicon lens with a basis angle of α = 20°, while the movements of the tungsten foil are realized via a 3-axis system synchronized with the laser pulses.
Note that we used the same laser for both focusing configurations with Gaussian and Bessel beams as depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Setup for the laser ablation: (A) laser source and beam shaping for each configuration (B) 3D scanner system and F-Theta focusing lens, f = 32 mm, as the first setup, and axicon lens with 3D movements provided by a 3-axis system as the second setup [18].
The small focal length of the lens in the first configuration and the large base angle of the axicon in the second configuration are necessary to obtain a sufficiently small focused spot to achieve the desired microstructure geometry.
The x-ray grating material is a tungsten foil, with 99.95% purity and 200 μm ± 25% thickness. The requirements for the x-ray interferometric imaging are 10-microns wide slits with 20 microns periodicity (as visible in Figure 4) and 100 to 200 microns depth of a slit. The macroscopic grating surface size should be at least 4 × 4 cm2.
The laser parameters used for micromachining of tungsten foils, at the foil position for each setup, are listed in Fehler! Verweisquelle konnte nicht gefunden werden. The diameter at Full Width Half Maximum (FWHM) at the focal point is approximately 2 times smaller with the Bessel beam compared to the Gaussian beam. The difference in the pulse repetition rate between the two configurations is required due to slower movements of the 3D axis system (no possibility to use scanner with axicon lens alignment) compared to the scanner, and the requirement of the similar pulse overlap. Therefore, the pulse repetition rate is limited to about 10 kHz for the setup using the axicon lens.
RESULTS
First, we measured the beam profile waist directly with Thorlabs Camera Beam Profiler, Model BC106N-VIS/M, with 6.5 microns pixel size, as depicted in Figure 2. For verifications of the Bessel beam creation and measurement method, we present on the left a wider Bessel beam with main peak FWHM about 40 microns, obtained with an axicon lens with basis angle 0.5°, which is sampled well and demonstrates the typical Bessel beam profile with side lobes. For our experiment we used Bessel beam obtained with an axicon lens with basis angle 20°, which should theoretically create the main peak FWHM of 0.8 microns, as discussed in the subsequent section about sub-micron hole patterns. Our measured beam with the Thorlabs Beam Profiler is not sampled sufficiently (see Figure 2B), but one can see that the FWHM of the Bessel beam main peak is approximately 6 microns or less. Due to imperfections of the axicon lens (rounding of the tip [19]), our Bessel beam main peak FWHM is wider than 1 micron, and from sharpness of edges of our micromachined 10 microns wide slit (see Figure 4B), we estimate that our Bessel beam main peak FWHM is approximately 2 microns. Also, from sharpness of edges of our micromachined 10 microns wide slit with Gaussian beam (see Figure 4A), we estimate that our Gaussian beam FWHM is approximately 4 microns.
[image: Figure 2]FIGURE 2 | Bessel beam cross-section measured with Thorlabs Beam Profiler obtained with (A) 0.5° basis angle axicon and (B) 20° basis angle axicon, which we used in our experiments.
Further, the intensity profile propagation of the Bessel beam was measured to define the depth of focus as depicted in Fehler! Verweisquelle konnte nicht gefunden werden Figure 3. The intensity remains approximately constant over the first centimeter downstream from the axicon lens. It is in this distance that the tungsten foil has to be placed to machine the grating. After this first region, the intensity in the central peak of the Bessel beam decreases with the distance downstream from the axicon lens. In Fehler! Verweisquelle konnte nicht gefunden werden., the side lobes are visible, but not clearly distinguished within the measurement due to the CCD sensor pixel size of 6.45 × 6.45 μm2, limiting the resolution of the measurement, and low side lobe intensity.
[image: Figure 3]FIGURE 3 | Laser beam intensity profile after the axicon lens as function of the longitudinal propagation measured with a beam profiler (CCD sensor) [18], box top right: theoretical model [19].
Figure 4 on the left, corresponds to a shallower slit obtained with Gaussian beam. Both results in Figure 4 on the left and right, are obtained with a Laser Scanning Microscope Keyence Model VHX-600. The use of a Gaussian beam with F-Theta lens implies two main disadvantages for this micromachining application. First, the wide and smoothly curved distribution of the intensity of the Gaussian profile will degrade the edge quality of the slit walls, as sharp rectangular shape is required (see Fehler! Verweisquelle konnte nicht gefunden werden., left). Second, the relatively large spot size of the focused beam (∼4 μm) compared to the beam focused with the axicon lens (∼2 μm) does not allow sharp structuring of the bottom of the slit with micron-level precision.
[image: Figure 4]FIGURE 4 | Measurement of the grating profile using a laser-scanning microscope (LSM) - (A): machining with the F-Theta lens, f = 32 mm and Gaussian beam (setup 1) and (B), machining with the 20° axicon lens (setup 2) and Bessel beam [18].
On the other hand, the axicon lens and its focused spot size enables obtaining sharper-edge walls and a relatively rectangular and homogeneous slit bottom (see Fehler! Verweisquelle konnte nicht gefunden werden., right). From those sharper machined edges and bottom, it is clear that Bessel beam has narrower FWHM compared to Gaussian beam.
The use of the axicon lens also has some disadvantages. First, a larger amount of pulse energy is required to achieve the ablation of material, due to the Bessel beam side-lobes containing significant amount of energy. The side lobes of the Bessel beam store an equivalent integrated intensity, when compared to the central peak [20]. Second, the advantage of the small focused spot diameter also means that the machining time is significantly increased. Third, for the same ablation depth and pulse overlap, two to three scanned beam passes were required with the F-Theta lens, while 12–15 passes were needed with the axicon lens. This means that for each scanned beam pass, ablation depth is less with the axicon lens, i.e., less than 1 μm ablation depth per pass is obtained with the Bessel beam, while it is several μm ablation depth obtained per pass with the F-Theta lens and Gaussian beam.
The deep machining of the tungsten foil has been then carried on with each setup of the Fehler! Verweisquelle konnte nicht gefunden werden., using the same laser source. The high aspect ratio of 1:10 could only be achieved with Gaussian beam and the F-Theta lens. The slits made with the Bessel beam after the axicon lens were limited in depth. The narrow slit in the non-transparent metal (tungsten) foil blocks the Bessel beam side lobes and due to lack of the interference effect destroys the Bessel beam profile, limiting the penetration depth. At the slit entrance, the laser parameters are adjusted so that only the top part of the main peak has enough intensity required to ablate the tungsten foil for the desired structure, while the side lobes are too weak for ablation to occur.
Ultrashort laser pulse ablation is a process with emission of particles up to several hundred nanoseconds after the laser pulse, in at least two steps [21–26]. A Helium gas flow (blow) pointed to the ablation area did not help significantly when ablating with Bessel beam. Therefore, in our case, the plasma formed by ablation with the ultrashort pulses has no significant effect on ablation. Even with the helium gas flow the achieved penetration depth is only 10–15 microns with the Bessel beam configuration. The maximum depth and profile of the slits obtained with Bessel beam is shown in Figure 4 on the right, where one could see that the top edges are sharp and uniform, while the bottom of the slit has large bumps.
On the other hand, with the Gaussian beam and the F-Theta lens, machining of deep slits did not pose any particular issues. The cross-section of the complete 200-microns deep slit in the tungsten foil, obtained with Gaussian beam (more pulses on the same spot with the same laser and focusing parameters as in Figure 4 on the left) is presented in Figure 5. Figure 5 is measured with 3D Multisensor System OGP SmartScope. At the top of the slit, the width of the slit is approximately 30 μm, but it quickly reduces the width to about 15 μm for a depth of more than 100 μm. The lower half of the tungsten sheet has a slit of approximately 15 μm. In order to achieve an aspect ratio of 1:10 with a slit width of approximately 10 μm, further tests with a tungsten sheet of 100 μm thickness should be carried out to guarantee straight side walls along the whole slit and downscaling of the slit. The other approach would be to remove the upper 100 microns of the current 200-micron thick tungsten slit with laser ablation or chemically, and straight 10-micron wide slits would remain.
[image: Figure 5]FIGURE 5 | Cross-section view of the tungsten foil measured with OGP SmartScope, machined with the Gaussian beam and the F-Theta lens, obtained with the setup 1 of Fehler! Verweisquelle konnte nicht gefunden werden [18].
In addition, we wanted to investigate the smallest feature that we could obtain with an axicon lens and a Bessel beam shape.
The theoretical diameter of the Bessel beam after an axicon lens is determined by:
[image: image]
where the refractive index of the axicon lens material is n = 1.475, the axicon base angle is [image: image] and the central wavelength of the incident laser beam is [image: image] [19].
The beam diameter is inversely proportional to the base angle of the axicon lens. A relatively large angle axicon lens is then selected to obtain a beam diameter of less than 1 μm. However, this small beam diameter limits the available depth of focus.
When the structure was produced with the axicon lens, the movement velocity of the translation axes was first defined in such a way that there was no overlap between the pulses. The results displayed in Fehler! Verweisquelle konnte nicht gefunden werden. are measured with 3D Multisensor System OGP SmartScope. After experimental trials, the diameters of multiple drilled holes were measured. The average diameter of the measured holes is:
[image: image]
i.e., 13% larger than the theoretical value. This deviation is explained by the fact that 10 successive pulses were required to ablate one hole in order to realize the structure, which slightly increases the diameter of the holes [27]. However, we believe that we were ablating those holes with only the tip of the main peak of the Bessel beam and the FWHM of the main peak is approximately 2 microns. The successive pulses on the same spot are obtained by successive passes with translation stages on the same spots with a pulse repetition rate of 10 kHz. This means that with axicon lens it is possible to control the tolerances of the structure more precisely than with a conventional lens. This is only possible if very precise synchronization is ensured between the 3D axis system and the laser source. However, the depth of those sub-micron diameter holes is limited to few microns.
DISCUSSION
Generated Bessel beams contain half of the pulse energy in the side lobes [20]. However, the side lobes of Bessel beam were clipped by the narrow, non-transparent metal, high-aspect ratio slit, which prevented the Bessel beam deeper penetration, and limited the slit depth to 10–15 microns.
The fluence of setup 2 with Bessel beam shape, would be 16 times higher if the main peak would be 1 instead of 2 microns in FWHM, and all the energy would be in the central peak (2 times smaller diameter makes 4 times smaller area, plus 2 times higher peak power, plus 2 times higher energy in the main peak if half energy is not lost into side lobes). We estimate that the Bessel beam main peak FWHM is larger than theoretically predicted 1 micron, due to imperfect (rounded) tip of the axicon lens [19] and is approximately 2 microns in FWHM. The rounded axicon tip and half energy in the side lobes decrease the fluence of the Bessel beam approximately 16 times and in the end, it is similar to (only approximately 30% higher than) the fluence of the Gaussian beam with 4 microns FWHM, as stated in Table 1.
TABLE 1 | Parameters used for each lens configuration with values at the machining location (setup 1 and 2) [18].
[image: Table 1]The main advantage of the Bessel beam created with an axicon lens is that one can obtain narrower FWHM and much longer depth of focus, when compared to the Gaussian focused beam with the same input beam size and wavelength. We achieved Bessel beam with the central peak FWHM of 2 μm, with a depth of focus of several centimeters. Bessel beam can increase the Rayleigh range up to 10 times [28]. This advantage of the Bessel beam is used in our experiment to create, in combination with the correct setting of the laser source in terms of pulse repetition rate, scanning speed and pulse energy, a precise structured pattern of sub-micron diameter holes in tungsten foil.
In addition, the use of ultra-short pulses has reduced heat propagation and melting and improved the slit edges [29]. We performed our investigation with a picosecond laser system, because it provides reliably a wavelength of 355 nm, enabling focusing to a smaller spot size. Future steps would include the same tests with a femtosecond UV laser.
We investigated x-ray grating micromachining by ablation with ultra-short laser pulses and compared the results obtained with a Gaussian or Bessel type beams. We studied the feasibility of the process to obtain grating lines with a few micrometer pitch, 100–200 μm depth and high quality, sharp rectangular edges. Our results demonstrate that the Gaussian type beam enables deep ablation (200 microns deep slits), with the disadvantage of limited edge sharpness of the walls and the bottom of the slit, preventing a precise structuring at 1-μm level. Figure 5 shows the structure obtained with Gaussian beam ablation, which is close to the requirements of 10 microns slit width, 200 microns depth and 20 microns periodicity. Next steps include testing for the x-ray interferometry the current structure with slits of wider top (30 microns instead of 10 microns) and 200 microns depth, with 1000s of lines creating a large-size grating. If this structure is not satisfactory, one can remove the sub-optimal top 100 microns of the 200 microns thick foil using laser ablation, or chemical methods, and use the bottom 100 microns part of the foil, which features sharp, vertical, 10 microns wide slits.
The use of a Bessel-type beam made it possible to obtain sharp edges and the structures can be more precisely controlled on 1-μm scale, owing to 2-μm waist size of the Bessel beam. We have demonstrated the realization of sub-micron hole pattern in tungsten foil. Submicron holes fabrication is not directly related to x-ray gratings, but it shows a potential of submicron structure fabrication with axicon lens and Bessel beam.
However, the sub-micron structure could not be drilled deeper than few microns with the Bessel beam. The high aspect ratio hole geometry in metals prevents the propagation of the side lobes of the beam and destroys the Bessel beam profile before reaching the targeted deeper point for ablation.
The laser instabilities to the best of our knowledge, were not an issue. The beam pointing instabilities on a short time scale (few hours), are in sub-micron level, as visible from Figure 6., where we drilled sub-micron diameter holes with multiple pulses coming back to the same spot, after multiple scans. The pulse-to-pulse energy instabilities were negligible, as they are typically in the range of 0.5% rms, and we use multiple pulses to ablate material in the same spot and drill a hole or a slit. Production time for large scale x-ray gratings (4–10 cm by 4–10 cm) will be half day or 1–2 days and it remains to be seen if pointing stability of the laser will be sufficiently good over this time frame.
[image: Figure 6]FIGURE 6 | Diameters of the holes made with the axicon lens of 20°, with no overlap between the pulses. Left: structure made, right: zoom-in and diameter of the holes. The zoom-in on the right shows the area marked with black rectangle inside the left image [18].
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