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This paper presents a monitoring system for scattered laser radiation in the single pulse micro-
drilling process. Scattered laser radiation is non-absorbed radiation scattered both at the surface and
in the particles of the material removed. The system developed to measure this radiation is based on
a fiber optic bundle attached to a narrow filter photodiode that captures the scattered light symmetri-
cally around the area where the micro-drilling is performed. This provides sensitivity to non-symmet-
rical scattering processes (for example, in the event that the sample is tilted) and enables the system
to be simplified by using only two photodiodes: One to monitor the beam entrance area and the other
to monitor the beam exit. Two types of analysis are carried out on the two sides of the sample: Intensity
monitoring and time resolved monitoring. The former can be used as a detector of deviations in the
configured micro-drilling process and the latter as a real measurement of drilling time. A further anal-
ysis of these measurements enables correlations to be established with process parameters and phys-
ical scattering processes. The system designed is a low-cost tool for real-time quality monitoring of

large, time-consuming industrial micro-drilling processes.
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1. Introduction

In recent years, laser single pulse micro-drilling (SPMD)
has established itself as a versatile technique that does not
cause mechanical wear and is relatively simple to implement
[1, 2]. This is why it is the technique most used in various
industrial micro-drilling applications such as the develop-
ment of Hybrid Laminar Flow Control structures in the aer-
onautical industry [3-6], jet fuel filtration [7], air water sep-
aration [8], particle sorting [9], audible noise reduction [10],
etc. However, all these applications require reliable produc-
tion of micro-holes with minimal failures, which in turn calls
for control of hole diameters and overall quality. In fact, in
extensive micro-drilling processes (for example in large ar-
eas or in repetitive production runs) deviations from the op-
timal conditions are common. They include formation of cu-
mulative residual stresses in large pieces that bend the sam-
ple, deposition of the material extracted in the nozzle, which
modifies the assist gas flow and absorbs energy from the la-
ser beam, local deformations of the sample in the range of
tens of microns, etc.

Perhaps one of the most common deviations during the
processing of large samples is the loss of the configured
working distance. Indeed, any change in the working dis-
tance can result in the production of areas with out-of-toler-
ance hole diameters. To avoid this problem, it is first neces-
sary to have a system capable of measuring in real time the
distance between the sample and the optical system with mi-
crometric precision. Several methods have been proposed
for this purpose, such as electromagnetic sensors [11], trian-
gulation laser systems [12-13], capacitance sensors [14], etc.
However, these methods are not completely reliable. For

example, in triangulation systems the measurement can fail
when there are changes in the reflectivity of the surface due
to inhomogeneities or an uneven mechanical finish. The
electromagnetic and capacitance sensors are located very
close to the sample and therefore are likely to become fouled
by material ejected in the laser process, causing erroneous
measurements. It is therefore necessary to supplement these
sensors with further techniques that help either the operator
or an automatic control to determine how accurate the meas-
urement offered by the sensor is.

In recent years optical coherence tomography (OCT)
[15] has established itself as the most appropriate method for
measuring in real time the distance between the sample and
the optical system. This technique is capable not only of
working with the required precision but also of measuring
in-situ, i.e. at the very location where the laser beam starts
drilling. Drilling with OCT enables a closed loop control to
be set with a travel stage for the height of the laser head op-
erating at high rates in order to keep the working distance
constant in the micro-drilling process. However, the use of
OCT is not sufficient on its own to ensure a process free from
deviations. As in the case of laser-based triangulation sen-
sors, a local change in the reflectivity of the material (due to
dirt or local oxidation, for example) might affect the meas-
urement and send an incorrect working distance to the close
loop control, thus leading the process to a different regime
with different characteristics for the diameters and shapes of
the micro-holes. For this reason, further in-situ monitoring
techniques are needed to provide additional information on
the laser process. Furthermore, OCT is a sophisticated, ex-
pensive measuring instrument that requires custom
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adaptation of the laser head. Therefore, simpler monitoring
techniques are also desirable.

Instead of monitoring a configuration parameter of the
process, a different approach might be to measure one or
more aspects of the physical phenomena involved. Such
techniques include the monitoring of acoustic [16] and opti-
cal radiative effects [17]. In contrast to the monitoring of
configuration parameters, measuring physical phenomena
requires detailed analysis to correlate the measurements
taken with the final results.

Photodiode monitoring of scattered laser radiation fits
into the latter group of methods and is a simple technique
that has proven feasible in various laser processes [18]. The
sensing element is sensitive over a wide spectral range (300-
1100 nm in Si, 800-1700 nm in InGaAs and 800-1800 nm in
Ge photodiodes) and one or more sensors[19] arranged sym-
metrically can be used to capture the radiation from the pro-
cess. To differentiate plasma formation and thermal radia-
tion, broadband filters in the visible and near IR spectrums,
respectively, are used [19]. However, in the case of thermal
processes (>700 nm) the laser radiation scattered in the pro-
cess (in the case of Nd:YAG and Yb:YAG lasers in the range
of 1030 to 1070 nm), also contributes to the measurement.
This can lead to incorrect analysis and interpretation of the
results since the thermal effects are slower than the intensity
variations in the scattered radiation. To avoid this problem,
the contribution of thermal radiation is minimized in this
study by using a narrow bandwidth filter at the laser wave-
length. Thus, only the diffuse radiation produced when the
laser beam hits the sample and the small amount of residual
thermal radiation at the same wavelength can reach the pho-
todiode. Furthermore, the energy radiated by heat accumu-
lated is distributed in a wide spectrum defined by black-body
Planck's Law, but the energy diffusely reflected by the sam-
ple is mainly concentrated at the laser wavelength. This
means that the contribution of thermal effects to the radia-
tion captured by the photodiode with filter is negligible and
can be discarded in the analysis of the results. On the other
hand, the diffusely reflected radiation is instantaneously cor-
related with the absorption of the laser beam and the amount
of material removed participating in the scattering process.
Thus, in contrast to the radiation produced by the thermal
accumulation fundamentally linked to the pure absorption of
the laser beam, this effect is closely related to fast and in-
stantaneous aspects of the process and is therefore more ap-
propriate for in-situ fast real-time monitoring.

In this study we have developed a system based on pho-
todiodes and a fiber optic bundle that measures the instanta-
neous intensity of the scattered radiation of the laser and that
can also be used to determine precise time-resolved aspects
of the micro-drilling process. The analysis of the measure-
ments enables correlations to be established with the diame-
ters of the holes obtained, the volume of material removed
in the micro-drilling process, and the position of the focus-
ing optical system with respect to the sample.

2. Setup of the Experiment

oct R
l 300 Holes/second

Laser mmmp

] Photodiode 1

.

/) Fiber Bundles

(-) Focus pDSIU’JH[ Working distance _

2

(+) Focus position | Ti sheet

. —

D=129.19 +2.36 ym
d=50.4+244 uym

/
¥
q] Photodiode 2

Fig. 1(Left) Schematic diagram of the setup of the experiment.
(Right) Beam exit of a Ti sample micro-drilled with the
single pulse drilling technique (Top) and beam entrance
(bottom) where D is the mean diameter at the beam en-
trance and d at the beam exit

The left side of fig. 1 shows a schematic diagram of the
setup for the experiment. The laser head is a conventional
cutting head with a 100 mm focusing lens that can be ad-
justed (focus position) to place the beam waist at different
positions with respect to the sample. The exact beam waist
position with respect to the adjustment scale is measured
with a scanning diagnostics system (Focus Monitor). The
camera monitoring port available in the laser head is used in
this case for monitoring with an OCT. The laser source is a
QCW fiber laser with emission at 1070 nm and peak power
1.5 kW. Pulses are obtained by modulating the pumping di-
odes through an external signal provided by an FPGA. The
pulses sent to the laser in the modulation signal are 200 pus
wide. The repetition rates of the pulses determine the drilling
rate since one pulse produces a single micro-hole in the
SPMD technique. The laser head is installed in a machine
with axes that enable the working distance to be adjusted
with micrometric precision and the head to be moved cross-
wise over the sample to drill a defined area [20].

In this study, OCT is used to accurately measure the
working distance in-situ. This system operates in spectral
domain mode at a central wavelength of 930 nm with 2.9
mm imaging depth and 6 pm axial resolution. The device is
an instrument designed for 3D microscopy that is adapted to
measure the distance between the head nozzle and the sam-
ple (working distance) by making use of the A-scans (differ-
ence in optical path between sample and reference arm). The
internal sample rate is 3 KHz and custom-developed soft-
ware is run on a computer for data processing. The measure-
ment of optical path difference is then transferred to an ana-
log output on a data acquisition board to establish control-
ling tasks. The sample rate on this output is a function of the
processing capabilities of the computer and the characteris-
tics of the data acquisition board. The sample rate was meas-
ured under real conditions and was found to be slightly
higher than 800 Hz. This measurement is used by the auto-
mation control of a 3-axis machine [20] to perform a closed
loop control through a PID algorithm that operates on the Z
axis to keep the working distance constant with a+ 5 pm er-
ror.

Experiments have shown that at working distances be-
low 1 mm the laser head nozzle runs a certain risk of being
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blocked by the material removed in the micro-drilling pro-
cess. Hence, working distances greater than 1 mm are used
in this study. On the other hand, as the head moves away
from the sample, the carrying capacity of the assist gas in
removing the material decreases, as does the overall quality
of the holes. Therefore, an acceptable range in our experi-
ment for the working distance that enables work to take
place with no risk of blocking the nozzle and minimizing
burrs in the holes is from 1 mm to 1.2 mm. Fig 1 shows the
working distance and the adjustment of the beam waist (fo-
cus position).

To monitor the scattered laser radiation at the beam en-
trance and exit, two Si photodiodes with narrow filters (3
nm) at the wavelength of the processing laser (1070 nm) are
used. This enables us to capture just the scattered radiation
of the processing laser and to discard any other contribution
(plasma, heat, etc.). Si photodiodes are known for sharp de-
creases in sensitivity above the visible spectral range. How-
ever, at the narrow wavelength interval of the processing la-
ser, this is 0.35 A/W or 40% of the maximum sensitivity. The
photodiode and narrow filter assembly are attached to a 4:1
fiber optic bundle with a 600 um core. Each end of the fiber
is then protected with an optical window and placed sym-
metrically around the laser head aimed at the process zone
by means of a custom piece built with rapid prototyping as
shown on the left side of fig.1. This piece contains interior
channels that conduct pressurized N, to the surface of the
windows in order to avoid deposition of particles from the
process or from the environment.

As indicated on the right side of fig. 1, the productivity
of the SPMD technique on 0.8 mm Ti sheet is 300 holes per
second [2, 20, 21]. The micro-holes are measured by a cus-
tom artificial vision system that works off-line and enables
us to establish a correlation between the dimensions and

quality of the drills and the in-situ monitoring measurements.

The CMOS camera of the vision system uses the axis of the
laser system itself to position the camera over the sample
surface. The lens installed captures an area of 4.9 x 4.9 mm?
at the sample surface at 100 Hz. Several holes can be meas-
ured at the same time by a custom-developed machine vision
algorithm. This system can provide measurements of the
beam entrance diameter, circularity, area, effective pitch and
clogged holes. To measure the diameter of the holes, the sys-
tem takes two types of measurement on the micro-holes de-
tected and then calculates the average. The first measure-
ment type is the maximum Feret diameter. This is the mod-
ule of the line segment that connects the two perimeter
points that are the furthest apart, i.e.

2
Aperet = J(Fyz - Fyl) + (sz - x1)2 5 )

where Fy, is the y coordinate of the end point, Fy; is the y
coordinate of the start point, Fx, is the x coordinate of the
end point and Fy; is the x coordinate of the start point. The
second type of measurement is the Waddel Disk diameter.
This measures the diameter of a disk with the same area (A)
as the micro-hole detected, i.e.

A
dwaddger = 2 \/; (2

The reason why these two types of measurement of the
micro-hole diameter are averaged is to take into account the
circular symmetry of the micro-holes but at the same time to
allow a degree of freedom for any deviations from circular
symmetry. Thus, the average is a convolution of these two
concepts and deviations from circular symmetry influence
the dispersion of the measurement.

3. Results
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Fig. 2 Diameters of the micro-holes measured by the custom ma-
chine vision system as a function of the beam waist posi-
tion of the laser beam at three different working distances.
(Top) Beam entrance diameter. (Bottom) Beam exit diam-
eter

In order to study the complete range of micro-hole diam-
eters that can be obtained with the SPMD process, Ti sam-
ples (0.8 mm thick) with 300 micro-holes processed at dif-
ferent working distances and beam waist positions were
made under controlled conditions using the OCT. To charac-
terize the micro-holes made with the SPMD technique we
use the artificial vision system described above to measure
hole diameters. Working distance and beam waist position
are the parameters most sensitive to deviations due to the
difficulty in controlling the micro-drilling process on large
samples with micrometric precision. The results are shown
in fig. 2. Each point in this figure represents the mean diam-
eter measured by the machine vision system automatically.
The maximum dispersion found in the diameters is =10 pm
for the beam entrance and £5 um for the beam exit. Below -
0.95 mm and above 0.75 mm focus position the dispersion
increases significantly because some holes are not com-
pletely drilled. This indicates a low level of stability and re-
producibility of the process in these regions. As shown in fig.
2, the beam exit diameter increases when the beam waist is
brought up (from bottom to top), but the beam entrance di-
ameter shows a minimum. The focus position 0 mm repre-
sents the position of the beam waist at the top surface of the
sample for the 1.2 mm working distance. This position how-
ever does not coincide with the minimum beam entrance for
this sample thickness. In fact, the formation of the hole di-
ameter is a complex process in which not only the spot di-
ameter of the laser beam but also the dynamics of the energy
absorbed by the sample and the flow and pressure of the inert
assist gas play important roles [21]. The curves in fig. 2 show
that there are areas with different levels of sensitivity to de-
viations at the beam entrance or exit due to non-negligible
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slopes beyond the maxima and minima. For most points, a
deviation of just 0.1 mm in the working distance or in the
position of the beam waist with respect to the sample can
significantly change the diameters obtained. Therefore, it is
important to ensure the working distance and position of the
beam waist relative to the sample for a chosen diameter pair
by means of monitoring tools. OCT is sensitive to both
working distance and the position of the focusing lens of the
optical system but insensitive to other effects. For example,
if the head nozzle becomes dirty the gas assist flow might
change, and OCT would not detect any deviation. In fact,
any deviation in the gas assist flow or in the power of the
laser beam would go undetected by OCT, placing the diam-
eters and characteristics of the micro-holes outside of toler-
ances. This in-situ monitoring technique therefore needs to
be supplemented by further tools that make up for this lack
of information.

The molten material is ejected by an Ar flow at 18 bar
coaxially with the laser beam. Together with the shape of the
laser beam around the beam waist, this produces micro-holes
that are not perfectly conical [21]. Nevertheless, as a first
approach, it is possible to estimate the volume of material
removed as a truncated cone as follows:

V=cmt(dZ+d2+ded,), 3)
where ¢ is the sample thickness and d. and d, are the diame-
ters at the beam entrance and exit respectively. This is shown
at the bottom in fig. 4. As expected, for most beam waist
positions, the material extraction capacity of the micro-drill-
ing process decreases as the head moves away from the sam-
ple and the volume of the micro-holes becomes smaller. This
can be explained by taking into account that the farther the
nozzle is from the sample, the larger the turbulent effects in
the assist gas flow are, and therefore the smaller the capacity
to drag the molten material is.

All curves in the bottom graph of fig. 4 show a minimum
and a rapid growth of the removed material as the position
of the beam waist is changed. This position with minimal
material removal is reached when the beam waist is slightly
above the top surface of the sample for each working dis-
tance.

3.1 Time-resolved measurements

The experiment set up as per in fig.1 enables us to meas-
ure time-dependent characteristics of the process by simul-
taneously using the top and bottom scattering monitoring
systems. Unlike amplitude measurements, time-resolved
measurements can provide an insight into the temporal dy-
namics of the process without being affected by eventual
sensitivity changes of the measurement tool. That is why this
type of monitoring is more appropriate when a fixed rela-
tionship between the physical phenomenon and the signal
produced by the sensor cannot be guaranteed in time-con-
suming processes. Thus, for example, if an optical protection
window becomes dirty, a system based on amplitude meas-
urements will show less intensity while a time-resolved
measurement will continue to give reliable measurements as
long as the signal to noise ratio is high enough.

In order to determine the time-dependent characteristics
of the SPMD process, the following procedure was

developed: The monitoring system at the top of the sample
detects the time at which the laser beam reaches the sample,
and then the lower system measures the time elapsed until
the sample is penetrated by detecting scattered radiation
from the laser at the bottom of the sample.
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Fig. 3 Signals captured with the top and bottom photodi-
odes during 60 ms working at a production rate of
300 holes/s at-0.75 mm focus position and 1mm
working distance. The inset shows a close-up of the
signals for the hole that is started at t=0.30 s. The ar-
row in the inset shows the point at which delay is
measured using the criteria defined in the text.

Fig. 3 shows the signals captured by the top and bottom
monitoring systems. To extract the drilling time from these
signals a criterion must be established. We have chosen the
difference in time between the points on the rising edge of
the curves at 20% of the peak height. This is indicated by the
arrow in the inset in fig.3. This calculation can be imple-
mented in real time using software or hardware. In our ex-
periment it was done with a Matlab script associated with
two analog inputs on a data acquisition board. Obviously,
this is not the total drilling time since the hole is formed
throughout the duration of the laser pulse (200 us) but it pro-
vides the time necessary for the laser beam to reach the lower
surface of the sample. Therefore, the drilling time is a func-
tion of the amount of material to be removed from the sam-
ple, so it should correlate with the shape and volume of ma-
terial removed.

Fig. 4 shows the drilling time defined as a function of the
position of the beam waist at different working distances.
The curves resemble the non-monotonic dependence of the
model to estimate the material removed and demonstrate that
the drilling time is correlated with the shape of the holes.
Therefore, if the working distance and position of the beam
waist are configured to obtain a certain pair of diameters for
the beam entrance and exit, a drilling time given by the
curves of the upper graph in the fig. 4 should be measured
in-situ. A deviation in the average drilling time would mean
that a process parameter has changed and hence, the diame-
ters and shapes of the holes would be expected to be different
as well. The curves in fig. 4 could be used as training inputs
in the framework of a control strategy via machine learning
or as a lookup table within a conventional control approach
for real-time monitoring of diameters and overall quality of
the micro-drilled sample.
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Fig. 4 (Top) Drill-through time measured by the photodi-
odes as function of focus position at three working
distances. (Bottom) Estimation of the material re-
moved in the micro-drilling process obtained from
the diameters at the entrance and exit of the beam
and a model for the volume in the form of a trun-
cated cone.

Fig. 4 also shows that the variation of the drilling time
as function of the beam waist position is greater in the case
of working distances 1.1 and 1.2 mm. This indicates a
greater sensitivity to deviations in the areas beyond maxima
and minima (points with no sensitivity to deviations). There-
fore, if an adequate combination of diameters for the beam
entrance and exit can be found for a certain application, it is
preferable to choose greater working distances. This would
provide more sensitivity to deviations in regions with non-
zero slope. By contrast, if lower susceptibility to changes in
diameter due to eventual deviations is required, less sensi-
tivity in drilling time should be expected as a drawback. In
fact, these regions coincide with those that show almost zero
slope in the material removed curves. Figs. 2 and 3 provide
an overview of the diameters achievable and the sensitivity
of the drilling process to deviations, and an insight into the
potential performance of a drilling time control. Depending
on the need to implement a real-time control strategy for a
given application and the requested hole specifications, a
specific region from the curves is chosen to minimize the
effect of potential deviations.

3.2 Intensity-resolved measurements

As explained in the previous section, unlike time-re-
solved measurements, amplitude measurements depend on
the effective sensitivity of the capture system. This sensitiv-
ity can be reduced by dirt accumulated on the optical fiber
protection windows. Indeed, in applications that require mi-
cro-drilling of large samples with processes lasting tens of
hours, the material removed in the process might deposit on
the optical surfaces dedicated to inspection and monitoring.
The solution to this problem is to implement a blowing sys-
tem that prevents dust deposition and keeps surfaces clean.
In our setup, the piece that supports the four fibers and the
optical protection windows is manufactured by rapid proto-
typing and designed with internal microchannels that con-
duct high-pressure nitrogen. The flow of nitrogen over the
optical window surfaces keeps them clean and prevents

deposition of particles and material. Another effect that
could influence a monitoring strategy regarding amplitude
measurements is the tilting of the sample. In fact, when a
sample is drilled with a large number of micro-holes, the
stresses induced in the formation of each hole tend to bend
the Ti sheet. To avoid this, the custom micro-drilling system
developed [20] contains elements and fixtures that keep the
sheet perpendicular to the laser beam. In any case, the influ-
ence of sample tilt on the capture of the scattered radiation
is integrated through symmetrical monitoring with the 4 fi-
bers around the laser beam at the top and bottom of the sam-
ple. Therefore, if such a deviation occurs in the process, the
system will detect it. Nevertheless, in this study, this effect
has been controlled for and can be completely ruled out
when analyzing the results. As explained above, deviations
in the micro-drilling process are more likely to appear due
to the micrometric precision required for positioning the la-
ser head in the direction perpendicular to the sample.
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Fig. 5 (Top and center) Signal captured by the top (Ph;) and
bottom (Phy) photodiodes respectively as a function
of the focus position. (Bottom) Merit function Ph; x
Ph; calculated, defined as an overall identifier of the
scattering distribution.

Fig. 5 shows the amplitude of the signal captured by the
top (Ph;) and bottom (Ph,) monitoring systems as function
of the beam waist position at the same working distances
used previously. As shown, the scattered radiation at the top
of the sample decreases when moving the beam waist up, but
the bottom scattered radiation increases and shows a maxi-
mum. This maximum also coincides with the region where
the material removed increases (see fig.4). This means that
at these focus positions more molten material is expelled at
the beam exit, dragged by the high-pressure assist gas, so
this material in the form of particles is likely to produce more
scattering of the laser beam. For larger beam waist positions,
a slight increase in the scattering at the top and a decrease at
the bottom are again observed, indicating a redistribution in
the way the material removed is ejected.

The redistribution of the laser beam scattering at the top
and bottom of the sample depending on the position of the
beam waist can be analyzed from a more general approach.
In fact, if a merit function is defined as the multiplication of
the two signals (Ph; x Phy) in order to include the two mon-
itoring systems at the same time, a quasi-symmetric curve
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centered at the focus range from -0.3 to 0 mm depending on
the working distance with two maxima at both sides is ob-
served. The Omm position is defined as the position where
the beam waist is at the top surface of the sample for a
1.2mm working distance. In the case of a | mm working dis-
tance, the beam waist is at the top of the sample when the -
0.2 mm focus position is set. Hence, with this analysis it is
possible to determine the point where the scattering of the
laser begins to be more significant at the top or bottom of the
sample. At the same time, the redistribution of the scattering
as the beam waist is moved through the sample shown in the
defined figure of merit serves both to determine in-situ the
beam waist position without further measurement tools and
to identify potential deviations from the starting conditions
set in industrial applications requiring large micro-drilled
surfaces.

4. Conclusions

In this study we present a real-time, low-cost, in-situ
monitoring system for the single-pulsed micro-drilling pro-
cess. This monitoring system is based on sensing the scatter-
ing of the laser beam by means of photodiodes with narrow
bandwidth filters around the laser wavelength and fiber optic
bundles arranged symmetrically in the area of the beam en-
trance and exit. This enables us to perform both an amplitude
analysis and a time-resolved study of the laser scattering
processes and thus rule out the influence of thermal effects
on the measurement. The data collected shows that there is
a relationship between the signals from the sensors, the di-
ameters of the drilled holes at the beam entrance and exit and
the volume of material removed. Furthermore, novel infor-
mation can be drawn from the laser process about the posi-
tion of the beam waist relative to the sample, the distribution
of the scattering on both sides, hole formation and the rele-
vant direction of ejection for the material removed. These
systems can thus be used in simple processes within the
framework of control tasks as real-time detectors of devia-
tions or as a supplementary monitoring method within more
highly-developed approaches such as closed-loop controls
with OCT to ensure quality and compliance with application
specifications.
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