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The femtosecond (fs) pulsed laser is a versatile tool to produce microstructures down to a few
microns on all kinds of materials including metals, ceramics and polymers. Generally, the topogra-
phy of the fabricated structures is characterized using ex-situ measurement techniques such as con-
focal microscopy or white light interferometry, which significantly increases the process cycle time.
Besides, it is difficult to control the laser process parameters in real-time with offline characteriza-
tion methods. To closed loop the fs laser micromachining (FLuM) process, an in-process sensing
strategy is required. However, unlike for laser processing with continuous and short-pulsed lasers,
the process monitoring for FLuM has not been fully explored. In this work, a monitoring system
based on off-axis ultra-high speed photodiodes was integrated and applied to the detection of optical
process emissions during FLuM of stainless steel. Three photodiodes, whose specifications are de-
scribed hereafter, were used. The reflected process radiation passes through a filter, with a specific
wavelength range of visible (500-900 nm), laser beam reflection (1030 nm) and infrared (1100-1700
nm), focused onto the photodiode with an amplifier circuit. FLuM of a single line ablation at differ-
ent pulse energies and scanning passes were performed to study the effect of the feature depth on
the off-axis photodiode-based monitoring. In addition, a high-speed spectrometer was implemented
in the FLpM working station to capture the spectral distribution of the plasma emission. The charac-
teristics of process optical emission, temporal evolution of the spectrometer and photodiode signals,
and the effects from laser machining factors were discussed. The proposed monitoring technique us-
ing optical emission-based sensor has the potential to facilitate the process control for femtosecond

laser micromachining, which will ultimately result in increased productivity and quality.
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1. Introduction

Laser-based tools for micromachining have gained sig-
nificant attention for the fabrication of small-scale compo-
nents and devices [1], [2]. Besides, laser-based surface
functionalization plays an important role to enhance the
surface properties of many products, such as modifying the
friction property or tuning the wettability, by changing the
surface topography. The development of ultrashort pulse
(USP) lasers, which has pulse duration in the range of
femtoseconds (1073 s) to picoseconds (107'? s), offers high
precision and quality necessary in micromachining applica-
tions [3], [4]. The primary benefits of material processing
with USP lasers are: i) efficient, rapid, and localized energy
deposition; ii) well-defined ablation thresholds [5]; and iii)
negligible or minimal thermal damage to the substrate [6],
and iv) ability to process almost any material (e.g., metals,
ceramics, glass, polymers, etc.) [7]. The machined features
are extremely smooth and free of burrs, and the surface is
clear of redeposited particles [8]. The industrial use of
these laser systems for micromachining continues to grow
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in relevance across a variety of sectors and applications and
has become one of the most essential microfabrication tools
[9].

However, the need for tight part tolerances and short
cycle times presents new obstacles for laser micromachin-
ing. As laser processes are influenced by a variety of ma-
chine, workpiece, and environment-related factors, even
slight parameter changes might result in components that
fall outside of the required tolerances. Therefore, the range
of acceptable parameter deviations, also known as the pro-
cess window, is exceedingly narrow for the fabrication of
precision components [10].

To achieve the desired geometry of the processed struc-
ture, 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 be investigated [11]. Due to the absence of
a comprehensive physics-based modelling of complex la-
ser-material interaction involved in fs laser processing, a
large set of parameters is typically investigated experimen-
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tally [12]. However, trial-and-error experiments are time-
consuming and expensive due to the large number of pro-
cess parameters [13]. In addition, traditional post-
characterization techniques, such as X-ray computed to-
mography (CT), atomic force microscopy (AFM) and
scanning electron microscopy (SEM) are time- and cost-
intensive, and their implementations are constrained by
production scale [14].

During laser-based manufacturing, quality monitoring
is essential to ensure the quality and performance of the
fabricated parts. Therefore, a monitoring approach to pre-
dict the ablation profile as a function of laser parameters is
required to decrease processing and characterization time
[15]. Sensor-based monitoring provides useful information
about the manufacturing process that can serve the dual
function of process control and quality monitoring, and will
eventually be included into every fully automated produc-
tion environment. For any sensor to be deployed as a moni-
toring device, however, a high level of confidence and ac-
curacy in characterizing the manufacturing process is nec-
essary [10]. A proper process monitoring system that was
integrated into the manufacturing process is helpful for
avoiding expensive end-of-line quality assurance and en-
suring the durability of textured parts [16], [17].

The potential of capturing the optical emission (OE)
signals from the processing zone has been demonstrated in
the literature for different laser material processing applica-
tions such as laser powder bed fusion and laser welding
which employ continuous wave lasers [18-21]. In recent
times, the OE-based monitoring technique have also been
adopted for laser micromachining but with longer pulses
than USP lasers (typically > 1 nanosecond (ns)) [22], [23].

Photodiodes, which are spatially integrated single-
channel detectors, are semiconductor devices that trans-
form light (radiation) into electric current. They are fre-
quently used in laser material processing since they are
simple to integrate into various configurations [24]. They
can be used to measure light intensities and often have a
fast response time, which is essential for monitoring laser
material processes [25]. The emitted radiation mostly de-
pends on the process itself (the radiation that is used for
monitoring), the processed material (spectral emissivity),
the used laser (spectral sensitivity of sensor), and the optics
(filters, lenses, fibres, having each a characteristic spectral
transmission) [26]. The wavelength range that a photodiode
can detect is frequently reduced on purpose via optical fil-
tering. The light that passes through the filter is first detect-
ed by the photodiode sensor, then processed by a signal
amplifier, and finally visualized on an oscilloscope. By
measuring the signal intensity of various spectral bands, it
is possible, for instance, to identify certain processing re-
gimes [27].

There are three types of optical radiation signals that
typically occur in laser-based manufacturing. The first type
involves ultraviolet (UV) and visible (VIS) light wave-
bands (200750 nm) for which silicon-based photodiodes
are used. The second sort of waveband (1030) corresponds
to laser reflection. The third type is infrared (IR) radiation
waveband (1100-1700 nm) which is acquired by photodi-
odes based on germanium (Ge) and indium-gallium-
arsenide (InGaAs) [28]. In each sensor category, there are
single sensor devices and array sensor devices. Often, sin-
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gle-sensor devices are referred to as "integrative" sensors
which can only focus on a limited processing region. This
'integrative’ single-sensor system simply monitors the over-
all radiation emitted by the surface with a defined region of
interest (dependent of the area of view). It provides the
total amount of radiation captured (i.e., intensity of the
recorded radiation and its size), but does not provide spatial
information about the radiation as provided by cameras.

Based on the configuration of the photodiodes in the la-
ser processing setup, there exists two categories of photo-
diode-based process monitoring, namely off-axis and coax-
ial. Off-axis sensors can be placed relative to the principal
laser beam. In this scenario, the sensor observes the process
from a different direction and with a different set of optics
than those of the primary laser beam. That is to say that the
laser beam and the sensor both have their own optical paths.
Alternatively, in coaxial configuration, the laser beam and
emitted radiation act along the same optical axis or "look"
at the process in the same direction or along the same axis.

A comprehensive array of photodiode-based monitoring
systems has been developed and demonstrated to monitor
long-pulsed laser processing [29-31]. By monitoring laser
machining with photodiodes, Gehrke et al. [32] demon-
strated a correlation between process emission (visible
spectrum) and focus position, laser power, ablated volume
and the surface roughness. Park et al. [33] constructed a
photodiode monitoring system that detects the plasma cre-
ated during laser marking which can be used to develop
marking-width estimation models. During the high-speed
marking operation, the photodiode on the coaxial line was
able to precisely record the light emission. Based on the
relationship between the laser power, the line width, and
the recorded sensor data, statistical regression and artificial
neural network models were used to predict the width of
laser marking. Zuric et al. [34] demonstrated a system for
ns laser-based micromachining process and machine condi-
tion monitoring in real-time. By monitoring multiple pro-
cess emissions (UV, laser back reflection and IR) concur-
rently, a relationship between the signals and the surface
roughness was identified. However, most of the reported
works were focussed on longer-pulsed lasers than fs laser
which involves thermal-based material removal. There are
limited studies on OE-based monitoring of the FLuM pro-
cess which involve non-thermal ablation mechanisms.

The objective for this work is to demonstrate the utili-
zation of the optical emission method by means of UPDs as
a possible candidate for process monitoring of FLuM. In
particular, the raw OE signals are processed to extract sig-
nal features which are then correlated with the feature
depth. By gathering high speed and high-resolution signal
amplitude at the same frequency as the laser pulses, moni-
toring of OE signals during FLuM can qualify for tracking
the changes in the process condition. In this manuscript, we
report on the utilization of the broad spectral range spec-
trometer for investigating the specific spectral regions of
FLuM process.

2. Materials and Methods
2.1 Materials

In this study, flat samples made of stainless steel has
been selected as reference material due to its wide range of
applications. Non-polished plates of 316L (Grade 1.4404)
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stainless steel with a thickness of 1 mm were used. The
samples were cleaned with ethanol before and after FLuM.

2.2 Experimental Setup

The opto-mechanical system used for FLuUM consists of
the fs laser, optical beam delivery components, a 7-axis (3-
linear, 2-rotary, and 2-optical) positioning system and elec-
tronic control units. The schematic of the fs laser machine
for laser ablation experiments is illustrated in Figure 1. The
experiments were performed using a Carbide Yb:KGW fs
laser (Light Conversion), which has a pulse duration rang-
ing from 178 fs to 10 ps, 1030 nm wavelength, repetition
rate up to 1000 kHz and 20 W maximum average
power. The maximum pulse energy of a single pulse is ap-
proximately 400 pJ (at 50 kHz). A two-axis galvanometric
scanner (Scanlab) is used for a fast and precise positioning
of the beam for laser scanning. A beam expander is used to
expand beam diameter corresponding to the scanner aper-
ture diameter (20 mm, max), which will further reduce the
beam diameter to obtain a 16 um diameter spot size on the
workpiece surface. The magnified laser beam is then car-
ried along the beam path until the scanner. After the laser
beam passed through the scanner, it is focused by an F-
theta lens (f=125 mm) in the normal incidence onto the
sample, which was mounted on a 5-axis motorized air bear-
ing positioning stage (LAB Motion Systems) for precise
positioning of the sample. The linear stages have a posi-
tioning accuracy and repeatability smaller than 0.3 pm,
with a resolution below 0.1 pm. The galvanometric scanner
in combination with F-theta lens can produce large scan-
ning fields and rates up to 3000 mm/s, which allows a short
processing time.
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Fig. 1 Schematical representation of the femtosecond laser ma-
chine together with integrated spectrometer and UPDs.

Figure 2 shows the experimental setup for detecting the
process light generated during laser micromachining by
means of the photodiode. The reflected process radiation
passes through a filter, with a specific wavelength range of
visible — VIS (500-900 nm), laser beam reflection — LBR
(1030 nm) and infrared — NIR (1100-1700 nm), focused
onto the photodiode with an amplifier circuit. The coating
of the bandpass filters is designed to selectively transmit
either visible, laser back reflection, and infrared wave-
lengths according to the photodiode setup. The photodiode
consists of a silicon chip specifically designed for the ul-
traviolet and visible region and an InGaAs chip for the in-
frared region in terms of spectral sensitivity. The visible
process emission is collected via an ultra-high speed Si PIN
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photodiode (Hamamatsu) with a spectral response range of
350 nm to 1100 nm, a rise time of 1 nanosecond, a cutoff
frequency of 100 MHz, and peak sensitivity at 920 nm. It is
equipped with a narrow band pass optical filter that has a
cut-off wavelength of 750 nm and a central wavelength of
520 nm for selective transmission of the process emission.
For specifically detecting the laser beam reflection (1030
nm), an InGaAs PIN photodiode with a rise time of 25 na-
noseconds, a cutoff frequency of 60 MHz, and peak sensi-
tivity at 1550 nm was installed behind a bandpass filter
(950 — 1100 nm). Another InGaAs PIN photodiode with a
longpass filter (1100 nm — 1700 nm) was used to detect the
optical emission at near-IR wavelengths. Each photodiode
is placed behind a corresponding optical path. The photo-
current output by the photodiode is converted into a voltage
signal and amplified using an electrical circuit. This signal
is further recorded via an oscilloscope card in the measur-
ing chassis with a sampling rate of 10 MHz. This offers an
advantage that the signal can be analysed and evaluated in
real-time with the aid of an analysis software (LabVIEW)
and that the results can be documented digitally. The ob-
tained data were processed in MATLAB using appropriate
statistical analysis and digital filters to reduce the noise.

Table 1 Summary of sensor specifications for optical emis-
sion monitoring during FLuM.

Sensor type Spectral Rise Cutoff
response time frequency
range

Ultra-high 350 nm to | 1ns 100 MHz

speed Si PIN | 1100 nm

photodiode

InGaAs PIN | 950 nm to | 25 ns 60 MHz

photodiode 1100 nm

InGaAs PIN | 1100 nm to | 25 ns 60 MHz

photodiode 1700 nm

Focusing lens
Lens tube

1850 nm

1100 nm 1700 nm

DL InGaAs
PD
1030 nm laser

back reflection g€V

Fig. 2 Illustration of the UPD detectors employed for FLuM mon-
itoring and their corresponding spectral regions.

Due to its compact and robust design, ultrahigh speed
photodiodes (UPDs) can be easily and cost-effectively in-
tegrated into the laser-based manufacturing setup. With
their high light sensitivity and ns-scale response time,
UPDs meet the requirements for recording optical process
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emissions during FLuM. During the laser scanning, the
UPDs move along with the scanner (see, Fig. 1) such that
the relative position between the laser irradiation zone and
the UPDs always remains constant. Furthermore, as the
data volume generated by a photodiode are comparatively
small, they can be evaluated online even at the required
high sampling rate. All experiments were carried out by
irradiating multiple fs laser pulses to create single spot cra-
ters or grooves. Each cavity was structured with different
laser pulse energies and number of laser scanning passes
(Table 1). To investigate the effect of increasing laser pulse
energy on the ablation depth and accordingly the UPD sig-
nal characteristics, pulse energy ranging from 25 pJ to 100
pJ were tested. The number of pulses ranging from 10 to
100 multiple pulses were analysed. The laser pulse repeti-
tion rate was set constant and equal to 200 kHz for all the
experimental conditions. Other parameters such as pulse
duration (250 fs), scanning (200 mm/s) and jump (200
mm/s) speed between passes were held constant. After la-
ser micromachining, the surface morphology of the abla-
tion crater was characterized with a SEM. The multi-pulse
irradiation of spots and single-grooves were executed in 5
different locations as shown in Figure 3.

Table 2 Process parameters used for FLuM.

Parameter Values/Conditions
Laser pulse energy 25 uJ to 100 pJ
No of pulses 10 to 100 multiple pulses

No of laser scanning passes 1 to 5 passes

Laser pulse repetition rate 200 kHz (constant)

Scanning speed 200 mm/s (constant)

Pulse duration

250 fs (constant)

Position of
the grooves

(S

90 mm

, Position of the
irradiation spots

Fig. 3 Schematical illustration of the irradiated spot and groove
positions for fs laser ablation experiments.

The Ocean-FX high-speed fibre optic spectrometer
(Ocean Insight) was used for the analysis of spectral emis-
sion (Figure 1). The spectrometer is responsive from 315 to
1035 nm and is set at a sample rate of 100 Hz, at a resolu-
tion ranging from 0.28 to 0.39 nm. The given spectrometer
is one of the fastest spectrometer available in the market
with its capability of transferring 1 ms spectra continuous-
ly. The plasma emission which occurs during the laser ab-
lation of the steel sample in the air at ambient temperature
and atmospheric pressure was focused into an optical fibre.
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The recorded plasma emission spectra were analysed using
Oceanview software.

3. Results and Discussion

Fig. 4 represents the spectra acquired for a wavelength
range of 315-1035 nm during 15 second micromachining of
groove with multiple passes. The intensity peaks can be
used as a method to find the most reactive wavelengths and
measure only those with different monitoring tool such as
single-channel UPD sensors. As seen in Figure 4, the most
intense regions in two different zones are as follows: visi-
ble region with the peak of 430 nm and laser back reflec-
tion region with the peak of 1030 nm. Notably, the intensity
at 430 nm remains relatively constant between 4 and 12
seconds, which corresponds to the period when the fibre
optic distance was maintained at 14 cm from the processing
zone. During the last 3 seconds of the experiment, the z-
stage was adjusted, moving the fibre optic 7 cm closer to
the processing zone, resulting an increase in intensity.
Since the upper sensitivity level of the spectrometer is 1035
nm, it is not possible to measure the spectra in the NIR and
IR regions. Based on these initial experiments, spectrosco-
py can be regarded as a suitable monitoring system for
FLuM. However, in high-speed micromachining, the slow
integration time in relation to processing speed might cause
a problem.

800 900 1000

600 700
Wavelength (nm)

Fig. 4 Collected spectra of 316L steel sample during FLuM of a
groove with multiple passes (15 secs total duration).

The electromagnetic emissions obtained during the
FLuM process were evaluated to study the impact of the
laser energy on the corresponding surface structure. Based
on the specific regions identified from the spectrometer
(Fig. 4), UPD-based sensors were used to detect the elec-
tromagnetic radiations at those wavelengths, which are then
converted into and electrical signal response that can be
digitalized and analysed. The study focused on two initial
cases, selected to allow the direct comparison between the
different scenarios and the process response gathered by
the photodiode system. During the experiments, to deter-
mine the direct relationship between the parameter values
and the monitoring signal response, relevant process pa-
rameters such as laser pulse energy and number of passes
were modified.

During the first part of the experiments to test the com-
patibility of the measuring system with the fs laser, a con-
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stant pulse energy of 25 pJ with two different number of
pulses, 10 and 100 pulses were used. Figure 5 shows the
measured raw current over time LBR signal of the InGaAs
diode during FLuM. The figure depicts the amount of
peaks collected corresponding to the amount of pulses sent
and the resulting voltage of the photodiode. During the
time frame shown in Figure 5, it takes 500 and 5000 ps for
the 10 and 100 pulses, respectively. The photodiode signal
drops to approximately zero between each pulses and at the
end of the experiment. The single-pulse and line experi-
ments (see, Fig. 3) were repeated 5 times to obtain charac-
teristic signature out of the photodiode signal. The data
collection system of the FLuM process is sufficiently fast
to capture each pulse, but it is not capable of resolving the
effects of each pulse at the fs level. Consequently, a plateau
is observed at the peak of each pulse as the emissions reach
a saturation point where further increases in pulse energy
do not increase the intensity. However, the acquisition rate
is sufficiently high to monitor the ongoing micromachining
process, allowing for precise geometrical information to be
collected. Figure 6 shows the resulting SEM images for
laser-induced craters using different numbers of pulses at a
pulse energy of 25 pJ. It can be clearly seen that deeper
craters were produced with 100 pulses in comparison to a
shallow craters with 10 pulses.

10 pulses

a) 2
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Rep. 3 il
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Rep. 5/ |
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LBR sensor signal [V]
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500 1500 2000
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LBR sensor signal [V]
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Fig. 5 Corresponding signal response of electromagnetic emis-

sions during FLuM with a) 10 pulses and b) 100 pulses (pulse

energy — 25 pJ).
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In the second part of the experimental design, the effect
of various laser parameter such as pulse energy on the
structure depth is studied. The captured electromagnetic
emissions generated during FLuM using the diode-based
monitoring system are shown in Figure 7. Figure 7a shows
the signal from the photodiode, which measured the light
produced during FLuM. As can be seen here, the signal
peaks were obtained whenever there is laser irradiation.
The machining of a single groove consists of many laser
pulses (20000 pulses). In Figure 7b, a large scale graph of
sensor signals is also shown, and a signal peak is repeated
every 0.05 ms as the pulse repetition rate was 200 kHz. The
time-based statistical comparison of five consecutive pass-
es reveals that the root mean square (RMS) of the intensity
trend decreases with an increasing number of laser passes,
leading to a greater groove depth (Figure 7c). The sensor
signals before and after the peak are symmetric, therefore,
the measured signal can be regarded as reliable.
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Fig. 7 a) Raw photodiode signal delivered by UPDs during ma-
chining of 5 passes of single groove of a 316L plate, b) relation-
ship between the RMS values of the diode intensity and number
of laser passes, and, c) emissivity intensity according to various
diodes [NIR — Near infrared, LBR — Laser back reflection, VIS —
Visible].

Additionally, the recorded time signal is converted into
the frequency domain to analyse the relation between the
acquired optical emission signals and the laser scanning
passes during FLuM. The results of the Fast Fourier Trans-
form (FFT) of the corresponding signals are shown in Fig-
ure 8. Based on the signals obtained (Figure 8a), a domi-
nant frequency of 200 kHz and the corresponding harmon-
ics were noticed which can be correlated to the repetition
rate of the laser.
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Fig. 8 a) Frequency spectrum of the optical emission signal at
different laser scanning passes, b) the correlation between the
number of laser passes and the corresponding intensity. 1st to Sth
pass of 100 pJ indicated in blue and 1st to 5th pass of 25 uJ indi-
cated in green.

The harmonics of the excitation frequency can be dis-
tinguished starting from 200 kHz to 1000 kHz. Notably, the
harmonics between 200 — 1000 kHz do not exhibit different
behaviour compared to the 0.2, 0.4, 0.6, 0.8 and 1 MHz.
The energy of excitation frequency (200 kHz) is shared
between the harmonics. Therefore, when each harmonic
characteristic is analysed, a similar trend can be seen with
decreasing energy. The noise between the harmonics is not
as vital as for the OE signal as the signal-to-noise ratio is
relatively high. It can be seen from Figure 8b that the ma-
chining signal (from the 1° laser pass to the 5% laser pass)
can be correlated with the number of laser passes. This
graph demonstrates the clear distinction between the ma-
chining signal and indicating the feasibility of separating
different signal components effectively. The prominent
peak at 200 kHz comprises data points from five consecu-
tive laser passes, indicating same pulse repetition rate with-
in experiments. Five distinct peaks are noticeable, decreas-
ing in sensor signal. The FFT-intensity graph demonstrates
the sensitivity of the photodiodes in distinguishing individ-
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ual laser passes. Notably, even with the removal of approx-
imately 1-4 pm of material between each pass, the signal
intensity remains discernible.

The quantitative analysis in Figure 9 confirms the in-
verse relationship between groove depth and LBR emission
with high precision. This consistency confirms the reliabil-
ity of the photodiode signal as a predictor of feature depth
under controlled conditions. The inverse relationship im-
plies that deeper grooves might cause light trapping in
deeper structures, leading to lower signal intensity. Linear
regression yields strong correlation coefficients (R? = 0.99,
R2=0.99, R?=0.98, and R? = 0.96 for 100 pJ, 75 uJ, 50 uJ
and 25 pJ, respectively), demonstrating a significant linear
relationship between the photodiode signal and feature
depth. The higher the number of laser passes applied, the
lower the intensity of the signals. One portion of the radia-
tion striking the rough and porous surface in the bottom of
the groove can diffusively be reflected without reaching the
detector. Another portion of the incoming light can be
trapped in the cavities of the groove and reflected multiple
times within these cavity walls. This guided absorbed light
can cause deeper cavities. Consequently, irradiation of the
groove resulted in a significant drop in the measured signal.
The attenuation in the VIS region needs to be improved, as
the plasma-related light emission is insufficiently strong
compared to the LBR, causing the process-relevant signal
to be suppressed by the system noise.

0.6

0.55 ©100W 75w 50w ©25u
0.5
0.45
0.4
0.35

0.3

RMS of 5 LBR sensor signal [V]

0.25

0.2

0 5 10 15

Groove depth [um]

20 25 30

Fig. 9 Average RMS values of optical emissions (LBR) measured
from five repeated experiments across the first, third and fifth
consecutive laser passes.

4. Conclusions

In this study, an investigation of utilizing optical emis-
sions, originating from the processing zone, for monitoring
the FLuUM process setup by spectroscopy and ultra-high
speed photodiodes was presented. The main conclusions
reached after the analysis of the obtained results were:

Spectrometry sensitivity was studied by changing sev-
eral laser parameters such as number of laser passes and the
distance between the process zone and spectroscopy over
15 seconds experiment. The biggest advantage of the spec-
trometer is to find the process relevant wavelength regions.
So far, the spectrometer has been used off-axially, but to
get best results from deeper surface structures, it can be
implemented coaxially with the laser beam. The measured
intensity of the VIS signal was associated with the plasma
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formation during the ablation process, whereas the LBR
related to the reflected light from the processing region.
The decrement of brightness induced by laser is associated
with an increase in machining depth. Such method of moni-
toring of micromachining depth can successfully be applied
to different materials and ablation geometries. Experi-
mental results showed that the estimated depths of the la-
ser-induced geometries were inversely proportional to the
LBR emission measured, with a high degree of precision.
Analysing the FFT spectrum of the recorded signals, it is
also possible to monitor the relevant frequencies of the
process, namely those associated to the laser repetition rate
and scanning of single grooves.

To sum up, this paper shows the potential of ultra-high
speed photodiode monitoring for industrial applications as
an easy solution to work with monitoring systems. As a
result, the proposed method is applicable for ultrashort
pulsed lasers as the brightness back reflected light induced
by the ultrashort laser is strong enough to collect with ultra-
high speed photodiodes. Spectroscopy measurements dur-
ing running process can help to distinguish which specific
spectral ranges of electromagnetic radiations are emitted by
the FLuM process.
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