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Abstract

Micromachining with a ultrashort pulse (USP) laser is a widely-employed manufacturing process for numerous applications
such as biomedical devices, micro-components and electronics. During USP ablation, shock waves are associated with the
ablation mechanism. Acoustic emission (AE) monitoring is a non-destructive approach for monitoring shock wave behavior
during laser micromachining. The produced AE signals are significantly influenced by USP laser parameters such as pulse
energy, pulse repetition rate and number of pulses. Using time- and frequency-based analysis techniques, the correlation
between these laser characteristics and the AE signals generated by the femtosecond laser pulses are investigated. The
results indicate that AE signal intensity increases as pulse energy and number of pulses increase, indicating a greater
degree of material removal. These findings can be utilized to optimize AE-based monitoring methodology for laser
micromachining conditions for specific materials and applications.
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1. Introduction
Ultra-short pulsed (USP) lasers, particularly femtosecond (fs) lasers, have become a popular tool for

manufacturing micro-structures due to their versatility and ability to achieve high-precision and high-quality
material micro-processing (Mazur et al., 2015). Almost any material can be shaped with minimal or no thermal
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damage using fs lasers (Ostendorf et al., 2006). Compared to conventional nanosecond (ns) laser machining
(Fig. 1a.), fs laser pulses induce exceptionally high peak power densities with low pulse energies, resulting in a
limited heat-affected zone (Hamad, 2016), precise micro processing (Orazi et al., 2021), and reduced
mechanical and thermal damage (Le Harzic et al. 2005). The non-thermal characteristics of fs ablation are
required for many applications to ensure that the material properties are maintained even near the processing
zone (lon et al., 2005). Current needs in high-technology industries, such as semiconductor, optics, MEMS,
etc., have necessitated such development of manufacturing techniques that can reliably produce ever-smaller
features with extremely tight tolerances (Lee et al., 2006). Femtosecond laser pulses have numerous benefits
including efficient, rapid, and localized energy deposition, well-defined ablation thresholds, negligible thermal
and structural damage.
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Fig. 1. Schematical illustration of (a) nanosecond pulse laser; (b) femtosecond pulsed laser

However, fs laser micromachining is a complex process due to complex interactions between materials,
process settings, and energy sources, while the underlying material-removal mechanisms are not well
understood (Mozaffar et al., 2022). In addition, tight component tolerances and long cycle times present new
obstacles for laser micromachining. As laser processes are influenced by a variety of factors related to machine,
workpiece, and processing condition related factors, even slight parameter changes might result in
components falling outside of the required tolerances. Therefore, the range of acceptable parameter
deviations, also known as the process window, is exceedingly narrow for the fabrication of precision
components (Lee et al., 2006).

To achieve the desired geometry of the processed structure, the optimal processing parameters (e.g.,
wavelength, pulse energy, pulse duration, pulse repetition rate, beam spot size, focal point, and scanning
speed) for the target material should first be identified (Wiesemann, 2004). The process parameter
optimization in fs laser processing is typically performed experimentally due to the complexity of the
underlying process mechanisms and the corresponding lack of physics-based models (Linde et al., 2000). Due
to the multiscale and multi-physics nature of fs laser processing and its complex boundary conditions, it has
been difficult to develop physics-based modeling to comprehend the mechanisms that occur during fs laser
processing. In addition, it requires expensive computational resources and significant simulation time
(Francois et al., 2017). Physics-based modeling and trial-and-error experiments are usually time-consuming
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and expensive due to the large number of process and material parameters (Rubuldt et al., 2010). Moreover,
traditional post-characterization techniques, such as X-ray computed tomography (CT), atomic force
microscopy (AFM) and scanning electron microscopy (SEM) are time- and cost-intensive, and their
implementations are constrained by production scale (Schmitt et al., 2014).

To address these limitations related to process modeling and offline characterization in the context of fs
laser processing, an in-situ process monitoring approach has been proposed (Terchi & Au, 2001) (Li & Guan,
2020). Sensor-based monitoring provides useful information about the manufacturing process that can serve
the dual function of process control and quality monitoring (Lee et al., 2006). Current sensing techniques in fs
laser process monitoring include monitoring with optical- (Roozbahani et. al., 2017), thermal- (Bornschlegel
et. al., 2020) or AE-based sensors (Xie, Zhang, et al., 2021). The collection of reliable data depends upon the
monitoring systems. Nemeth et al. used optical coherence tomography to monitor the fs laser processing of
surface textures (Nemeth et al., 2013). However, the limitations of optical techniques remains since there is a
trade-off between imaging speed and resolution. While OCT provides high-resolution imaging, the acquisition
speed is slow, limiting its real-time monitoring capabilities (Liu et. al. 2018). The integration of imaging systems
and photodiodes (Singha et. al., 2008) enabled the real-time monitoring of laser-generated plasma plume and
ablation dynamics. However, a limitation arises when attempting to detect and monitor weak or transient
signals. This challenge is attributed to factors such as noise, limited dynamic range, and constrained temporal
resolution, which hinders the detection of rapid changes in signal intensity.

Alternatively, AE-based technique is being widely used in laser-based manufacturing for processes such as
laser welding (Lu et al., 2021), laser cutting (Kek et al., 2009) and laser derusting (Xie, Huang, et al., 2022) to
monitor the processing quality. AE refers to the short elastic wave produced by the sudden release of strain
energy due to deformation or damage inside or on the surface of the materials (Chethan et al., 2019)(Bhuiyan
et al., 2016). In their earlier work, Bordatchev et al. studied the impact of the focal position during ns-laser
pulsed processing using AE sensors and found that statistical properties of the measured AE signal correlated
with the focus position (Bordatchev et al., 2006). Recently, Kacaras et al. investigated the same for picosecond
laser processing, showing the correlation between focal position solid-borne emission sensor (SBAE) sensor
signals using time-frequency analysis (Kacaras et al., 2019).

X. Xie et al. investigated the specific spectrum of various derusting settings and differentiated RMS signal
characteristics. They have found that the changes in rust removal conditions and the effect of derusting
parameters can be precisely mapped by monitoring AE signals in the time and frequency domain. The same
group of researchers demonstrates the association between material removal, surface structure
characteristics, surface defects, and acoustic emission signals in metal derusting (Xie, Zhang, et al., 2021) and
fs laser ablation of Si (Xie, Huang, et al., 2022). R. Yang used AE sensor to evaluate the quality of ns laser cutting
on composite materials by AE signals of laser-induced plasma in frequency domain and wavelet analysis, which
provided a new solution for observing and studying laser-induced plasma (Yang et al., 2022).

Despite the initial efforts on AE-based process monitoring of fs laser ablation in the literature, there are
limited studies on understanding the process evolution at a finer process timescale (one to several pulses)
using AE sensors. Moreover, the experiments described in the literature were conducted using low-speed
sampling rates and sensors with restricted frequency bands, which may not provide adequate resolution for
ultra-short pulse lasers, particularly femtosecond lasers. In this paper, we aim to analyze the effect of laser
parameters on the acoustic emission signal during laser processing with single- and multi-pulses. To analyze
the effect of fs laser pulses on AE signal characteristics, single parameter analysis, correlation analysis, and
continuous wavelet transform (CWT) method are employed. The relationship between material removal with
pulses, and natural behavior of acoustic emission signals is studied.
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2. Experimental setup

The methodology employed to investigate the correlation between the AE signals during fs laser ablation
and the corresponding feature dimensions is described in this section. The optical-mechanical system used for
fs laser micromachining comprises a fs laser source, optical beam delivery components, a 5-axes mechanical
air bearing stages and 2-axes optical galvo-scanner, and electronic control units. The technical features of the
fs laser system (Carbide, Light Conversion) used for the experiments including pulse duration, wavelength,
repetition rate, and maximum average power along with galvanometric scanner and f-theta lens are presented
in Table 1.

Table 1. Laser system characteristics and ablation parameters used for experiments

Characteristics Units Values
Wavelength nm 1030
Pulse duration fs 250
Repetition rate kHz 200

Max. average power W 20
Focused spot diameter pm 20

Pulse energy W 10 to 100
Focal distance mm 118

Max Optical scanning speed mm/s 3000
Max mechanical stage speed mm/s 300

The experiments were aimed at understanding the correlation between the AE signals during the fs laser
ablation and the corresponding ablation regime. To achieve this, a monitoring system was integrated into the
laser micromachining system. The monitoring system which consists of a SBAE sensor, a preamplifier, a data
acquisition system, and signal processing evaluation system is used to detect the high-frequency signals
generated during the ablation process. The laser-induced shock waves propagated through the sample were
detected by AE sensors that were mounted on the steel plate (316L with the size of 25x90 mm?)at a distance
of 10 mm from the ablation zone (Fig. 2.). For the detection of the acoustic emissions, a wideband AE sensor
(AE1045S, Vallen Systems) was used. It is a structure-borne piezoelectric detector for acoustic emission of
shock waves with a frequency ranging from 100 kHz to 1500 kHz. The sensor detects the high-frequency energy
signals to be measured and delivers an electrical signal proportional to the quantity detected as an output
signal. The signal was then fed through a preamplifier (AEP5) with different frequency bandwidths. The
preamplifier is set to the gain of 40 dB in order to collect the AE signal and distinguish it from the environment
noise. The preamplifiers in combination with a decoupling box provide signal amplification and impedance
matching to the input of the data acquisition system (DAQ) at a sampling rate of 14 MHz. The computer
connected to the data acquisition system with the LabVIEW software from NI serves as the measurement
system.
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Fig. 2. Schematical illustration of AE process monitoring setup in the fs laser machine

All experimental parts were carried out by irradiating single and multiple fs laser pulses. Each cavity was
structured with different laser pulse energies and number of pulses. To investigate the effect of increasing
laser pulse energy on the ablation regime and accordingly the AE signal characteristics pulse energy ranging
from 10 pw to 100 W were tested. The number of pulses ranging from single and multiple pulses (5, 100) were
analyzed. The laser pulse repetition rate was set constant and equal to 200 kHz for all the experimental
conditions. Other parameters such as pulse repetition rate, pulse duration and jump speed between pulses
were held constant. After laser micromachining, the surface morphology of the ablation crater was
characterized with a scanning electron microscope. Samples used for the experiment were non-polished plates
of 316L stainless steel with thickness of 1 mm. The single and multi-pulse irradiation of spots were executed
in 5 different locations with the distance between the dots is kept at 4 mm (Fig. 3.).

Position of the
irradiation spots

Fig. 3. Schematical illustration of the irradiated spot positions between the AE sensors for single and multi-pulse fs laser ablation
experiments

Time domain and frequency domain characteristics analyses are the most commonly-used methods in AE
signal processing. Fast Fourier transform (FFT) is a common means of characterization in the frequency
domain. Short-time Fourier transform (STFT) and continuous wavelet transform (CWT) can observe the time
domain and frequency domain information simultaneously (Xie, Zhang, et al., 2021). In this analysis, RMS of
the raw and denoised AE signal is used to characterize the laser irradiating process. Moreover, this paper
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focuses mainly on CWT for time-frequency analysis. The CWT is computed using a chosen wavelet function,
i.e. Morse wavelet, where the AE signal was convolved with the wavelet at multiple scales. This process results
to in a time-frequency representation that effectively captures the temporal and spectral characteristics of
the acoustic AE signal. From investigations of time-frequency analysis, a frequency peak at 400kHz is observed
to be related to the laser pulses. Therefore, the RMS is also calculated after applying a band pass filter between
380 and 420 kHz which also shows a typical AE event signatures.

3. Results and discussion

The first group of experiments aims to study the relationship between the material removal of 316L ablated
by fs laser and the characteristics of AE signals. In the laser irradiating experiments, laser pulse energies of 10,
50 and 100 pJ and a pulse repetition rate of 200 kHz were used to irradiate the 316L substrate at a fixed
position with 5 repeated pulses. Fig. 4(al-a3) shows that circular dots of different sizes are generated by laser
ablation, with an increase of diameter of the ablated region as the laser pulse energy increases. Three groups
of acoustic emission signals are selected to apply Fast Fourier transform in order to distinguish the signal region
from the noise level
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Fig. 4. The change of surface morphology after laser ablation at a laser pulse energy of (al) 10 pJ, (a2) 50 W, and (a3) 100 W and each
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When the pulse energy is 10 W, a shallow and narrow spot with a diameter of 20.83 +0.01 um has been
created on the stainless steel. The 316L surface just starts to be ablated in the center of the spot and the
material is removed to form a plasma plume. The influence of the removed resolidified material is minimal
because the deposited spheres leave no trace on the surface. As pulse energy increases to 50 W, the 316L
ablated structures seem deeper and become wider (diameter 25.3 + 0.194 um). The larger amount of central
area material is vaporized, and small spheres of larger diameter are resolidified on the central area, while the
edge position morphology shows that the shape of the spheres is similar to the morphology with irradiation
of 10 W pulse energy. At the pulse energy of 100 pJ, the dot width can be seen to increase further to a diameter
of 28.30 + 0.813 um. Compared to the irradiated areas with 10 and 50 W, the ablation traces are more obvious,
and the ablation boundary can be seen clearly. At the same time, the ablated edge forms an area covered by
spherical particles whose diameter gradually decreases from the center to the outside.
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Fig. 5. The change of surface morphology with different number of pulses (al) 1, (a2) 5, and (a3) 100 at 100 pJ pulse energy; (b1), (b2),
(b3) RMS curves of raw and band passed signal ; (c1), (c2), (c3) CWT, for the corresponding number of pulses

The corresponding change in the AE signal can be seen in Fig. 4(b1-b3). When the energy is 10 W, both
RMS-raw-mean and RMS-bandpass-mean are maintained at low level, 0.0044 V and 0.2311 x 103 V
respectively. With the increase of pulse energy to 50 W, the RMS-raw-mean increased to the values around
0.0081 V and RMS-bandpass-mean is increased to 0.0013 V. When the pulse energy reaches 100 pJ, the RMS-

Magnitude



LiM 2023 - 8

raw-mean and RMS-bandpass-mean increase to 0.0121 V and 0.0017 V, respectively. From the results of
frequency domain analysis (Fig. 4(c1-c3).), it can noticed that the frequency bands are mainly distributed in
combination with low frequencies between 10 kHz to 100 kHz, fundamental frequency (200 kHz), and
multiplies of the fundamental frequency (harmonics of the pulse repetition rate of the fs laser). As expected,
it is observed that the magnitude of the CWT signal, i.e. acoustic energy, is positively correlated to the laser
pulse energy. The highest magnitudes located in two specific regions as shown in the highlighted regions
(white and orange designated frequency bands) in Fig. 4 (c1-c3).

In a second set of experiments, the correlation between the ablation regime and AE signal produced by
laser irradiating at several number of pulses (1, 5 and 100) was investigated at the pulse energy of 100 .
When the pulse number increases from single pulse to 100 pulses, ablation of the stainless steel occurs at the
single pulse (as seen in Fig. 5al) as the ablation rate increases along with the number of pulses (Fig. 5a2 and
5a3). The depth of ablated crater seems to increase with the number of pulses; however, the excessive energy
causes the melting of the material and this material resolidifies around the ablated region. The AE signals are
evaluated from the time domain perspective by RMS-raw-mean and RMS-bandpass-mean in Fig. 5(b1-b3).
When the pulse number is 1, RMS-raw and RMS-bandpass are 0.0041 V and 0.5592 x 1073 V, respectively. By
increasing pulse number to 5, the value of RMS-raw-mean and RMS-bandpass-mean increases to 0.0121 V and
0.0017 V, correspondingly. At 100 pulses, the number of peaks of the AE signal waveform increases
significantly and shifts the RMS-raw-mean and RMS-bandpass-mean amplitude range to 0.0127 V and
0.0035 V with an increase in the range of fluctuation. Fig. 5 (c1-c3) displays the frequency domain analysis of
the AE signal, where an increase in the number of pulses results in a brighter lower frequency region (10 kHz
to 100 kHz) with gradually increasing intensity. The dominant frequency of different pulse numbers is located
around the 200 kHz pulse repetition range and its harmonics, with the strongest frequency being 400 kHz. This
finding is consistent with previous results on increasing number of pulses. The highest magnitudes located in
two specific regions as shown in the highlighted regions (white and orange designated frequency bands). Also,
the effect of melting and resolidification based on excessive energy can be seen from the specific magnitude
in Fig. 5 (c3), orange box. Further study is needed to validate the effect of melting and solidification on the AE
signal waveform trend.

From the results, it is obvious that the increase in pulse energy and the number of pulses leads to an
increase in the energy absorbed by the material, which is thermally vaporized to produce a larger ablation
region. As the material ablation increases due to the number of pulses or pulse energy, the number of AE
events increases, resulting an increase in signal intensity. This increase in signal intensity means that the AE
events are added constructively, probably because of the very high pulse repetition rate. Therefore, it can be
assumed that the ablation quality in terms of resultant surface morphology has a positive correlation with the
AE signal at different laser pulse energies. Moreover, it can be seen from the band-passed signal that the
adequate bandpass filter allows to subtract the process relative AE waveform. The increase in pulse energy
was from 10 w to 50 W and 100 pJ. The RMS values exhibited a percentage increase of 84.1% from 0.0044 to
0.0081 and 49.4% from 0.0081 to 0.0121. Thus, a correlation was observed between the increase in pulse
energy and the corresponding percentage increase in RMS values. In the second experimentation, the increase
in the number of pulses was from 1 pulse to 5 pulses and 100 pulses. Correspondingly, the RMS values
exhibited a percentage increase of 195.1% from 0.0041 to 0.0121, followed by a slight increase of 5% from
0.0121 to 0.0127. Importantly, it was observed that further increasing the number of pulses beyond 5 did not
yield a significant change in the RMS values. The results of these experiments provided valuable insights into
the relationship between the AE signals and the ablation process, which can be used to optimize the process
for various applications.
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4. Conclusion

In this manuscript, the effect of AE technique to evaluate the fs ablation on 316L stainless steel was studied.
By combining the characteristics of the AE signal with the ablation quality of fs laser machining, the feasibility
of using AE technology to monitor the fs laser machining was analyzed. Single- and multi-pulse fs laser dotting
experiments were carried out. The main findings in the pulsed laser experiments under the processing
conditions and analyzed material were as follows: (1) The ablation diameter has a positive correlation with the
AE signal at different laser pulse energies and number of pulses. (2) The combined AE characteristic trends
such as RMS, and signal range could be used as an indicator to classify the processing regime and the resultant
ablated surface morphology/quality by distinguishing the ablation regime as sufficient ablation or melting. (3)
There was a significant improvement in the accuracy of the AE signal analysis after applying a bandpass filter,
which allowed for better identification and classification of the different ablation modes.
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