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Abstract

With the ubiquity of laser material processing as a high-accuracy tool in modern production, in-line and real-time
monitoring of such process becomes increasingly important. A key technology for such monitoring is low-coherence
interferometry, which can be implemented into the same optical beam path as the process laser. This metrology system
integration has to be custom tailored for each individual system. In recent years, we demonstrated successful
integrations of LCI into several different laser material processing methods, such as fixed focus optics, scan heads and
polygon scanners. We give an overview over the boundary conditions of such an integration and the challenges that
were encountered. The results pave the way for future real-time process feedback for self-focusing and self-correcting
laser process systems.
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1. Introduction

Low-coherence interferometry (LCI) is a novel optical imaging method that combines high acquisition rates
with a high axial resolution. It is based on the interference between light reflected from a sample and light
reflected from a reference mirror, such as in a Michelson-interferometer setup. If the optical path difference
in both interferometer arms lies within the correlation length, constructive and destructive interference
occur depending on the path difference and the wavelength. By recording the interference maxima and
minima as a function of wavelength, e.g. in a spectrometer, reflections coming from different depths of the
sample arm can be distinguished by applying the Fourier transform to the recorded spectrum. This setup
allows the measurement of depth information from the full axial measurement range in one acquisition (A-
scan). Scanning the measurement beam over a sample then allows the acquisition of 2D and 3D images (B-
scan and C-scan). If the sample is transparent, more than the first optical interface can be detected, and the
imaging method is commonly called optical coherence tomography (OCT). Fig. 1 shows how the interference
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Fig. 1. Signal generation and evaluation of a spectral-domain OCT system in a transparent sample.

signal is generated and evaluated using the Fourier transform. OCT has gained significant reputation in the
past decades due to its increasing application in biomedical imaging. [Tomlins and Wang, 2005; Brezinski
2006; Drexler and Fujimoto, 2008]

Laser material processing comprises all kinds of material processing that is done using a high-power laser,
such as laser ablation for micro-structuring and laser cutting, as well as laser melting in the case of additive
manufacturing and laser welding [Barsch et al., 2003; Cardoso et al., 2015, Ussing et al., 2007]. Laser material
processing has become an established tool for the creation of functional surfaces, advanced high
performance materials and miniaturization, due to its high accuracy. However, the accuracy of the laser
process is influenced by environmental conditions, such as focus variations due to varying sample height,
vibrations, temperature change, process gas turbulences etc. [Nelson and Crist, 2012]. These influences can
compromise the accuracy of the process laser and thereby reduce part quality, or even cause rejected parts
[lon, 2005].
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Since the process laser needs to be focused onto the work piece, imaging optics such as f-theta objectives
are usually in place wherever laser material processing is used. This allows the in-line integration of
metrology systems such as an LCl to directly image the geometric properties of the surface in the vicinity of
the laser. The metrology beam is coupled into the beam path of the laser, so that both are focused onto the
sample using the same optics. Together with the high acquisition rates of current LCI components, real-time
process monitoring is achievable [Schmitt et al., 2015].
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Fig. 2. Schematic of the integration of an LCI system into the beam path of a process laser, such as in laser cutting. The reference path of
the metrology system uses a dispersion compension (DC) to adjust for the dispersion of the laser machining head objective [Schmitt et
al., 2015].

2. Fundamental properties of low-coherence interferometry

A typical setup for an LCI system is the spectral-domain LCI (SD-LCI), which is shown in the grey box of
Fig. 2. A low-coherence light source generates a broad optical spectrum that is sent into a beam splitter. The
beam splitter splits the light into the reference arm and the measurement arm, both of which exhibit the
same optical path differences. A dispersion compensation (DC) element compensates for the effects of the
machining head optics, so that dispersion in both arms is also the same. This allows for a strong contrast in
the interference signal, which is recorded by the spectrometer. The coupling of the beam paths of
measurement laser and process laser occurs via a dichroic mirror. In the case of Fig. 2, the image describes
the implementation for a case such as laser cutting, where no additional scanning mechanism for the process
beam or the measurement beam are required. An advantage of such a setup is the acquisition of data
directly in machine coordinates, with no further correlation required, thereby reducing additional
uncertainties.
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An additional advantage of LCl is the decoupling of lateral and axial resolution, which is a unique feature
of this metrology principle. The lateral resolution is determined by the optics of the machine head for both
the process laser and the measurement laser. Machine heads are generally optimized for the process laser
wavelengths, therefore the measurement laser will experience optical aberrations, since the wavelengths of
both lasers need to differ in order for the dichroic coupler to function properly. These aberrations cause the
LCI lateral resolution to be lower, but on the same order of magnitude, as the resolution of the process laser.

The axial resolution is independent of the head’s optics. Instead it is defined by the light source’s
bandwidth A1 and central wavelength /1?, [Tomlins and Wang, 2005]

2In2 23
Az = TH . (1)

As can be seen from Eq. 1, the larger the bandwidth and the shorter the central wavelength, the smaller
the axial resolution Az of the system. Az is related to the distance between two points in z-direction after
the application of the Fourier transform (the A-scan). In the case of a tomographic measurement, two
interfaces need to be separated by at least double that distance to be detectable as two separate interfaces.
The axial resolution is therefore an important metric for OCT images.

The accuracy of an LCI or OCT system can however be improved beyond the point of the theoretical axial
resolution by applying a Gaussian fit to the detected reflection peaks and choosing the mean value as the
position of the optical interface. This is known as sub-pixel accuracy. Given sufficient sampling points, the
effective axial resolution can then be improved down to the sub-um regime. The benefit of performing such
a Gaussian fit depends on the FHWM (full-width at half maximum) of the reflection peak in the A-scan. The
thinner and sharper the peak, the higher the accuracy of a Gaussian fit.

In most cases in laser material processing, the sample is non-transparent, such as a metal or a dark
organic material. In that case, there is only one interface that needs to be detected, and instead of the
theoretical axial resolution, the accuracy of the system becomes the determining metric.
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Fig. 3. (a) Photograph and (b) LCI image of a 30x30 mm? tool form for plastic casting. The image was taken using a
Precitec IDM system at 1090 nm and 10 kHz sampling rate, by acquiring 600x600 pixels. The tool form has a structured
surface and three deliberately placed defects (depressions), which were accurately detected by the LCI.
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3. Applications in laser material processing

LClI can be implemented as a real-time, in-line process monitoring system into any laser process. However,
since the parameters of the individual laser processing system vary widely in terms of central wavelength
and corresponding optics, it is essential that the LCl is tailored specifically to each laser processing system.
Otherwise, optical aberrations and dispersion can significantly broaden the reflection signal from the sample
surface, reducing the aforementioned accuracy improvements. At our institute, LClI systems have been
designed for the applications laser cutting, laser micro-structuring and laser transmission welding [Schmitt et
al., 2014; Schmitt and Ackermann, 2016; Kunze et al., 2017].

Another source of inaccuracies are optical path aberrations that are called the field of curvature. In laser
processing systems where the laser is scanned over a surface area using galvanometric scanners, an f-theta
objective is used to redirect the beam perpendicular to the surface. Since the f-theta objective, as all laser
optics, is highly optimized for the process laser wavelength, variations in the optical path length appear at
the wavelength used for the LCI. These path length variations are typically on the order of several hundred
micrometers and can be measured by imaging an even mirror, and thus compensated [Kunze et al., 2017].
An example of an acquired LCl image is given in Fig. 3 (b). A tool form of 30x30 mm? size was deliberately
damaged at three points by drilling into the surface. The LCl system accurately images the shape of the tool
form as well as the three defects. The speed of the LCI system using galvanometric scanners is at 500 mm/s,
given by the acquisition rate of 10 kHz and the pixel spacing of 50 um.

4. Application in a polygon scanner

For ultra-fast laser material processing, the state-of-the-art in terms of scan speed are polygon scanners,
which can operate with a speed of up to 1 km/s. In the Horizon 2020 project PolLaRoll, such a polygon
scanner with a speed of 400 m/s is combined with a roll-to-roll system and a femto-second pulsed laser to
micro-structure lacquer on a metal foil. The polygon scanner is mirror-based and as such features no
chromatic aberrations, thereby rendering the LCI lateral resolution the same as that of the process laser.
Nevertheless, in terms of integrating an LCl into such a scan head, the polygon scanner poses several
particular challenges.

Commercially available LCI components currently feature a speed of up to 200 kHz. Systems with higher
acquisition rates have also been demonstrated with speeds in the MHz-range, however these MHz-OCTs are
not yet cost efficient for an industrial application. With the available rate of 200kHz, the beam travels
2 mm/sample over the foil, inducing large lateral ‘motion blur’, as illustrated in Fig. 4 (a). The result is an
effective averaging over many of the ablated spots on the foil, each creating an interface in the acquired A-
scan, so that many signals overlap. This occurs for both the unablated (‘top’) and ablated (‘bottom’) areas. If
the ablation depth is significantly larger than the variation of the two levels, they can still be separated and
an average ablation depth can be obtained. If apart from lateral movement during acquisition, there is also
strong axial movement, an additional axial motion blur has to be taken into consideration, as shown in Fig. 4

(b).
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Fig. 4. lllustration of the effects of lateral motion blur (a) and a combination of lateral and axial motion blur (b).

The polygon scanner is built using mirror optics. This creates differing optical path lengths for different
field angles and thus a large field of curvature. A schematic rendering of the mirror optics is given in Fig. 5
(a). The field of curvature of the polygon scanner is given in Fig. 5 (b) over the total scan distance of 300 mm.
As can be seen, the maximum path difference is 2.4 mm from edge to middle. While the shape distortion in
the acquired image can be compensated in software, there is also an axial motion during the acquisition that
creates axial motion blur. Due to the high scan speed, the path difference is travelled within 375 ps, or 75 LCI
samples. Within one acquisition, the axial motion blur is therefore significant and renders the usage of LCl in
fast polygon scanners extremely challenging. One possible way is the usage of spectrometers with a
particularly short acquisition time, or a broadband pulsed laser as a light source. Fast acquisition and short-
pulsed laser sources reduce the exposure time and can thus reduce motion blur. Upcoming LCl solutions
enabling MHz acquisition rates will certainly play a significant role in battling this kind of motion artifacts
[Klein et al., 2013].
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Fig. 5. (a) Schematic rendering of the mirror optics of the polygon scanner. (b) Optical path distance as a function of polygon angle,
obtained via Zemax simulations by NextScan Technology.
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5. Conclusion and outlook

Low-coherence interferometry is a promising metrology method for in-line, real-time monitoring of laser
material processing. It has been applied and tested for a variety of applications, including laser cutting, laser
transmission welding and laser micro-structuring. LCl is a versatile tool that can be customized to optimally
suit each individual laser processing system. This flexibility and the high acquisition speed make it ideal for an
implementation into a real-time feedback loop to control e.g. the laser’s focal position and thus achieve even
higher processing quality than currently available [Wiesmann, 2004]. Potential future applications are in the
area of additive manufacturing, such as laser powder bed fusion (LPBF) and laser metal deposition (LMD).
While integrations into fixed-focus optics and galvanometer-based scanners are nowadays straightforward,
integration into a high-speed polygon scanner is more challenging, though still possible. The ever increasing
sampling rate of commercially available LCI components will also facilitate this application.
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