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Figure 8. Comparison of cutting results. Free-space beam delivery on the left and fiber beam delivery
on the right (in co-operation with femtos GmbH).

The comparison shows very similar results with the two different beam delivery methods.
The quality of the cutting edge is of the same quality and the final products could be further processed
without any alteration.

Next, results from silicon surface modification are presented (see Figure 9). A square was scanned
with varying process parameters while incorporating a free-space or fiber beam delivery in the
beam path to the galvanometer scanner. See Table 2 for the corresponding process parameters.
Additionally, the fiber could be used to widen the spectrum of the pulse due to self-phase modulation,
controlled by adjusting the pressure inside the fiber. The spectral width of the pulse was measured
with a spectrometer.

Table 2. Processing parameters of silicon surface modification.

Parameters Value Unit
Laser source Amplitude S-Pulse
Pulse length 750 fs
Power 4 w
Repetition rate 0-300 kHz
Beam delivery Photonic Tools
LLK length 2.5 m
Collimation 100 mm
Air pressue in fiber 5-1000 mbar
Workpiece Polycrystalline silicon
1028 —3
Wavelength 1030 — 30 nm
Polarization linear
Repetition rate 100 kHz
Pulse energy 12.5 ]
Spot size 16 m
Scan speed 4 mm/s
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Figure 9. Comparison of surface modification on polychristalline silicon. A single pass of the laser
over the area is shown at the top and 10 consecutive passes are shown at the bottom. Free-space beam
delivery on the left and fiber beam delivery on the right (in cooperation with Laserzentrum Hannover).

Again, the comparison revealed almost no visible difference between the two beam delivery
solutions. The structures, which depended critically on the pulse parameters in size and depth,
could be reproduced perfectly with 1 pass over the surface as well as 10 consecutive scans over the
same area.

Additionally, a unique feature of the fiber beam delivery was tested and deliberate self-phase
modulation could be introduced to the transmitted pulses in varying strengths. Strong increases
in ablation depth and structure size were observed when using spectrally broadened pulses (see
Figure 10). The pulse bandwidth change from 6 nm to 60 nm revealed a nearly doubled ablation rate
in the application.

depth of processed area

35
W 1 pass

20 W 10 passes

25

20

15

10

| i
., N [

free space fiber evacuated fiber with air
6nm spectrum 6nm spectrum 60 nm spectrum

keptat 5 mbar

- )

arb. units

keptat 1 ar

Figure 10. Surface modification on polychristalline silicon with spectrally broadened pulses. Ablation
depths and structure sizes with pulse bandwidth change from 6 nm to 60 nm were compared.
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4. Conclusions

The use of hollow core fiber for transmission of ultrafast laser pulses in an industrial environment
has been shown for a few years in the IR wavelength of YAG laser systems. The completely fiber-based
beam delivery system introduced by Photonic Tools already addresses most of the application scenarios,
which are actively used. Robot arm applications with hollow core fibers have also been shown.
The comparison of free-space beam delivery and fiber-based solutions shows little to no difference
in the application results. On the contrary, it can even offer opportunities to increase throughput by
using the nonlinear effects inside the hollow core fiber. In a suitable integration, as offered by Photonic
Tools, they can be adjusted precisely.

The optimal fiber structure for industrial appplication is still being improved and optimized,
so understanding the requirements from applications and characterizing hollow core fibers very
rigorously are an essential part of integrating hollow core material into a demanding environment.
Recent fiber developments in the green and UV spectral regions show promise for future applications,
but cannot reach the same level of performance in high-power applications at the moment.

Taking hollow core fiber out of the scientific environment and tweaking it to perform under
diverse conditions is a continuous process, which has made tremendous progress in recent years.
Many industrial ultrafast applications can already use the advantages a fiber beam delivery can offer
in day-to-day usage with high reliability and unaltered results.
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