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Laboratory X-ray computed tomography is an emerging technology for the 3D characterization and dimensional
analysis of many types of materials. In this work we demonstrate the usefulness of this characterization method
for the full three dimensional analysis of laser ablation craters, in the context of a laser induced breakdown spec-
troscopy setup. Laser induced breakdown spectroscopy relies on laser ablation for sampling thematerial of inter-
est. We demonstrate here qualitatively (in images) and quantitatively (in terms of crater cone angles, depths,
diameters and volume) laser ablation crater analysis in 3D for metal (aluminum) and rock (false gold ore). We
show the effect of a Gaussian beam profile on the resulting crater geometry, as well as the first visual evidence
of undercutting in the rock sample, most likely due to ejection of relatively large grains. Themethod holds prom-
ise for optimization of laser ablation setups especially for laser induced breakdown spectroscopy.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The ability of the laser to ablatematerial from the surface of a sample
is a very important characteristic in many industrial applications like
laser welding and drilling or some spectroscopic applications like
Laser Induced Breakdown Spectroscopy (LIBS) as well as many other
scientific applications. The laser ablation removal rate is referred to by
Average Ablation Rate (AAR) which is the amount of material removed
per pulse. This was expressed either by the mass of material removed
per pulse, depth created per pulse or crater volume created per pulse.
This ablation rate is important as it affects the speed at which material
is removed, especially importantwhen underlyingmaterial needs to re-
main undamaged as in the case of rock removal from around a fossil for
example [1]. It also affects the depth profile resolution of sequential
analysis such as depth profiling LIBS, see for example [2]. Generally,
the ablation rate should be constant for good LIBS analytical perfor-
mance, for quantitative measurements of elemental composition, see
for example [3] or a detailed review article [4].
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Many laser parameters (wavelength, pulse energy, focusing, spot size,
pulse duration and beam profile) [5–7] and sample physical parameters
(optical absorption, surface reflectivity, thermal conductance, etc.) can af-
fect the AAR [8,9]. Also asymmetric ablation or non-ideal ablation will
negatively impact the resulting spectral data acquisition. This was
discussed in details in the details in the work of V. Lednev et al. and
W.L. Yip et al. [10,11]. Studying the AAR and the crater morphology can
be done by many ways. The simplest method is when a sample in the
form of a thin layer is ablated until a through-hole is generated and the
number of pulses counted, aswas used in a detailed study of femtosecond
laser ablation for example [12]. Another popular way is by using the re-
flectionmicroscope [7,13] where the crater depth andwidth can bemea-
sured. Another similar way is by using a metallographic microscope; in
2008 Stafe et al. [14] used the metallographic microscope to investigate
the nanosecond laser ablation rate. Real time AAR crater characterization
was done by Janez Diaci [15], where a characterization of craters pro-
duced in hard dental tissues by two different Erbium lasers was achieved
using laser profilometry. This work was followed by the work of
Mezzapesa et al. [16] were they made a real time ablation rate measure-
ment during high aspect-ratio hole drilling with a 120 ps fiber laser.

Confocal microscopes have also been used for measuring the crater
depth. In 2012 Pietroy et al. [17] measured the femtosecond laser vol-
ume ablation rate, using a confocal microscope to characterize the
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Fig. 1. Laser ablation experimental setup.

a

b

Fig. 2. 2D (a) and 3D (b) optical microscope picture taken for a 200 laser shot crater in
aluminum at laser pulse energy of 51 mJ.
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laser produced crater. Electron microscopes as well as atomic force mi-
croscopeswere used by Bonse et al. [18] to study the cratermorphology
when they were studying femtosecond laser processing of TiN on sili-
con. This work was followed by the work of Sanner et al. in 2009 [19]
when they measured the femtosecond laser-induced damage and abla-
tion thresholds in dielectrics using atomic force microscopy besides the
optical microscope.

Also thewhite light interferometer has been used in thework of J. Pi-
card et al., where they studied the crater morphology of laser induced
craters in copper at different laser energy and different pressures [20].

All the methods above rely in some form on a surface analysis, and
are all limited in their ability to fully characterize the high-aspect ratio
of laser ablation craters, potentially losing useful information such as
undercuts for example.

X-ray micro computed tomography was first used to characterize
laser ablation craters by Mercer et al. [21], where they made sequential
3D X-ray microtomographic images of enamel and dentine ablation by
an Er:YAG laser. In this study theywere able to visualize craters as a func-
tion of number of pulses and showed that 3D X-ray microtomography is
a useful tool for quantitative measurements in dental research, though
the resolution was limited to 100 μm. In subsequent work the same au-
thors studied tooth ablation using higher resolution X-ray micro com-
puted tomography [22]. One other study of laser ablation made use of
microCT imaging of through-holes [23]. The use of X-ray micro comput-
ed tomography is increasing in various fields as shown in reviews of the
technique in materials sciences [24], geosciences [25] and food sciences
[26], amongst others. Some of the reasons for the increased use of this
non-destructive method are its increasing accessibility [27] and the ad-
vantages of full 3D imagingwhich allows visualization and quantification
of crater morphology and dimensions.

Though X-ray micro computed tomography has been used in some
studies to image laser ablation craters and through-holes, this has
been limited in scope. The potential to fully characterize the details of
crater morphology has not yet been demonstrated, especially within
the context of laser ablation for analytical purposes, e.g. LIBS. For analyt-
ical requirements the crater morphology is extremely important to en-
sure that accurate results are obtained.

In this work we investigate Nd:YAG laser induced crater morphology
for two sample types typical for LIBS systems: homogeneous aluminum
alloy samples and inhomogeneous rock samples. We demonstrate high
resolution micro computed tomography and apply advanced analyses
on the acquired data: in particular the crater volume, width, depth and
cone angleweremeasured. The crater shape is then simulatedwith a the-
oretical model in combination with the obtained measurements. These
measurements are shown to be useful for characterizing systems where
laser ablation is particularly important for analytical purposes.

2. Experimental procedure

A Nd:YAG laser (Continuum NY-81, 1064 nm, 10 ns) was used to
produce different craters on aluminum and rock samples. The laser
was filtered spatially using a 3 mm aperture in order to obtain the
best possible beam profile. The laser was then focused using a 10 cm
quartz lens onto the surface of the samples under study. The focal spot
diameter for the Gaussian laser beamwas calculated using the equation
(d = 1.22 λf/D), where d is the focal spot diameter, λ the laser wave-
length, f the lens focal length and D the beam diameter before focusing.
The samples were put 2 mm before the focus in order to prevent air
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breakdown. This made the calculated focal spot diameter on the surface
102 μm. The craters were formed by different numbers of laser pulses
delivered (50, 100, 200, 300, 400 and 500 shots) and with different
laser pulse energies (12 mJ, 31 mJ, 42 mJ and 51 mJ). The sample was
fixed on a translational stage so that the distance between the craters
could be adjusted to prevent the overlap of two craters.

Two samples types were selected for this study, a homogeneous
metal alloy and an inhomogeneous rock sample. The aluminum alloy
samples were cut to dimensions (1.5 cm × 5.0 cm). Rock samples
used were fromWitwatersrand gold ore, containing quartz and various
e

c

a

Fig. 3. Aluminum alloy crater volume (a), radius (b), width (c), cone angle (d) and lowe
sulphide phases as well asmicroscopic gold particles. The samples were
cut and polished in order to have smooth surfaces for the study. The
laser at 51 mJ was used to induce craters on the rock samples with dif-
ferent shot numbers (50, 100, 200, 300, 400 and 500 shots). In order to
overcome the inhomogeneity of the rock samples, 3 craters at different
positions were done for each shot number, and then the average mea-
surements were taken. The experimental setup is shown in Fig. 1.

X-ray micro computed tomography was carried out at the Stellen-
bosch CT facility [25], using a General Electric Nanotom S system.
Scans were done at relatively fast scan times of approximately 30 min
d

b

r cone angle (e) as a function of number of shots for different laser pulse energies.
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per sample, using 150 kV and 100 μA and 0.5 mm copper beam
filtration. Reconstructed data was analyzed in Volume Graphics
VGStudioMax 3.0. Measurements of crater width, depth, volume and
cone angleweremade as follows. The system uses advanced surface de-
termination software for dimensional measurements. For volumemea-
surement, the open crater at the surface is sealed and internal volume
selected as a region of interest and volume measured from this region.
At the surface, the top-view is used to analyze the crater width, by
fitting a 2D circle to the crater and measuring its radius. Crater depth
is determined by selecting the deepest point in the crater and measur-
ing the shortest distance between this point and the plane on the sur-
face. Cone angles were measured in two ways: the first method used a
number of fit points along the inside of the crater to fit a best-fit cone
to the crater. This method was found to be biased by a large surface ab-
lation region caused by Gaussian beam profile especially at large abla-
tion rates. For this reason a second cone angle was measured using fit
points deeper in the crater rather than near the surface. The cone
angle calculation was done using the software of CT scan where the
cone margins are determined and then the software calculates the
cone angle. Also optical microscope images were done using Zeiss
smartzoom 5 microscope.
3. Results and discussion

As mentioned in the literature [9] the crater formed by nanosecond
laser usually has a heap of moltenmaterial at its openingwhich appears
in a volcanic shape. Also some of the ablated material dust may deposit
around the opening of the crater. Due to the high temperature during
the ablation process a change of the metallic colour around the crater
may occur in the region where the heat is transferred in the metal. All
these regions can be seen in Fig. 2 which shows the optical microscope
pictures taken for a 200 laser shot crater in aluminum at laser pulse en-
ergy of 51 mJ.

For a complete study of the cratermorphology, the following param-
eters were measured from the X-ray tomography data: crater volume,
width, depth and cone angle. The effects of laser pulse energy and num-
ber of shots were observed on these variables. It is expected that higher
pulse energy and numbers of shots produce higher AAR. On plotting the
volume change as a function of shot number for different laser pulse en-
ergy (Fig. 3a) it was observed that the volume increases with increasing
shot number as expected. On increasing the laser pulse energy this in-
crease has a faster regime. While the data is relatively limited, it
Fig. 4. Cone angles measu
seems that for a laser pulse energy of 51mJ, the volume increase reaches
a certain plateau. The Average Ablation Rate for volume (AARv) was
found to be between 18,300 μm3/shot for the laser pulse energy 51 mJ
and 2730 μm3/shot for the laser pulse energy 12 mJ.

When plotting the measured surface crater radius change as a func-
tion of shot numbers and laser pulse energy (Fig. 3b) it was found that
both also increase linearly with increasing shot number. In the case of
crater depth (Fig. 3c) it was found that the crater depth increased expo-
nentially with laser shot number until reaching a plateau. This behavior
becomes more obvious with higher laser pulse energy.

Due to the Gaussian distribution of the of the laser energy on the
laser spot, the craterwill not have a perfect cone shape due to the differ-
ence in the ablation rate in themargins of the crater than that in the cen-
ter. Thiswill make conical shape of the crater to have awider angle near
the surface than in the center. That is why the crater cone angle mea-
surements were done by the two methods described in the previous
section, with the second method giving a better representation of the
crater internal cone, rather than the surface ablation around the top cra-
ter edge (Fig.4).

On measuring the first cone angle from the top of the crater to the
bottom (Fig. 3d), it was found that as the number of shots increases
the cone angle decreases exponentially. It can also be observed that
the crater induced by lowest laser pulse energy of 12mJ shows the larg-
est cone angles which then decreases with increasing energy.

This case was different on measuring the cone angle for the lower
part of the cone only (Fig. 3e). Here the cone angle is almost constant
or varies only slightly. Also it was found thatwith increasing pulse ener-
gy the cone angle increases.

The previous results can be attributed to the fact that as the laser
fluence increases the amount of the ablated mass (m) increases follow-
ing the equation [9]:

m ¼ E 1−Rð Þ= Cp Tb−T0ð Þ þ Lv
� � ð1Þ

where (E) is the laser pulse energy, (R) the surface reflectivity, (Cp) spe-
cific heat, (Tb) the boiling point (K), (T0) the room temperature (K), and
(Lv) the latent heat of vaporization. This expression can be converted to
ablated depth per pulse by using fluence (F) instead of (E), and dividing
by the density of the material.

Also as the number of shots increases the amount of ablatedmass in-
creases, leading to an increase in the volume as well as the depth [9].
Since the central part of the laser beam is much more intense than the
margins the crater radius at the top increasing with a slower rate than
ring for the craters.
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that of the central part which in turns leads to a decrease the cone angle
of the crater. This was confirmed by the angle measurement of the
lower part of the cone where the laser fluence is higher, resulting in
an almost constant or slowly varying angle; since the outer part of the
cone is excluded. This is confirmed by the later simulation.

On repeating the experiment for the rock samples using the laser
pulse energy 51 mJ it was found that the results show similar trends
(Fig. 5). Fig. 5a shows an increase of the induced crater volumewith in-
creasing number of laser shots. However, the values for the crater vol-
ume are much lower than that of the aluminum sample for the same
laser pulse energy.

Similarly, the crater radius increases linearly with the laser shot
number (Fig. 5b), although the increase is smaller than for the
a

c

e

Fig. 5. Rock crater volume (a), radius (b), width (c), cone angle (d
aluminum samples. The crater depth (Fig. 5c) shows the same behavior,
also increasing linearly with the number of laser shots but with lower
values than for aluminum.

Again this can be attributed to the fact that the amount of ablated
mass increases with shot number [9]. Also as it was observed that the
values in case of rock samples are much lower than for aluminum sam-
ples. This is due to thedifference in amount of ablatedmass as a function
of laser fluence and ablation threshold of the rock samples compared to
those of aluminum as indicated by Eq. (1) [9].

On studying the change of the cone angle as a function of laser shot
number it was found to be decreasing exponentially with the laser shot
number both in case of the cone angle measured from top to bottom or
for the lower part of the cone only (Fig. 5d, e). Here the similarity of the
b

d

) and lower cone angle (e) as a function of number of shots.
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Fig. 6. Crater simulation results: estimated ablated depth per shot vs. laser fluence (a), the laser Gaussian beam profile (b), simulated crater (c).

a b

c

Fig. 7. High resolution images for a 200 laser shot crater in aluminum at laser pulse energy of 51 mJ: 2D crater (a), 3D crater top (b).
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Fig. 8. High resolution images for a 400 laser shot crater in rock sample at laser pulse energy of 51 mJ: 2D crater (a), 3D crater (b).
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behavior of both cone angles is an indicator for the low amount of ma-
terial ablated at the margins due to the more difficult ablation of the
rock compared to aluminum [9].

In order to get a better understanding of the obtained results, a the-
oretical simulation was carried out to estimate the dependence of the
crater shape on the ablated mass as function of laser intensity and
beam profile [7]. The simulation was done for the crater induced by 50
laser shots in the Al sample.

In this simulated model the laser spot area was divided into (61
× 61) squares then the pulse intensity was distributed on the beam
area according to the beam profile assumed in the simulation. Gaussian
beamprofile is used in this study. The ablated depth per pulse as a func-
tion of laser fluence was then fed into the simulation in order to get the
best shape of the crater that is similar to the experimental one. Here the
simulation simulates the ablation that is done after each laser pulse and
the overall crater shape is estimated after 50 laser shots.

The best suggested ablated depth-fluence regime in order to simu-
late the actual experimental results was found to be the exponential in-
crease of ablated mass as function of laser fluence as can be seen in Fig.
6a, whichwas found to be in a good agreementwith thework of Vladoiu
et al. [28,29] except for the values of the depth per pulse since the sam-
ples used in our work is a harder Al alloy samples not pure Al. Using the
Gaussian beamprofile shown in Fig. 6b, the crater derived from the sim-
ulation is shown in Fig. 6c which closely resembles the experimental
crater shape.

This simulation didn't workwith the rock samples since the samples
are not homogenous and so they don't have a fixed ablated depth-
fluence regime. But this was also an indication that the estimated one
for Al was a good one.

In order to test the ability of the CT scan to obtain more information
about the crater, a high resolution scanwasmade for the crater induced
by 200 laser shots with 51mJ pulse energy (Fig. 7). Fig. 7a shows the 2D
high resolution scan of the crater. As can be seen the crater shape is ob-
viously conical and the cone angle for the bottom part is smaller than
that of the upper part. Also the residual ablated material that is thrown
out of the crater can be seen at the upper part of the crater. This residue
can also be observed more clearly in the 3D image of the upper part of
the crater (Fig. 7b). Also the complete 3D crater shape can be seen in
Fig. 7c. This is in a very good agreement with craters induced by nano-
second lasers reported in previous work [30,31].

The CT scan was also able to detect much more details in the rock
samples. Fig. 8 shows the high resolution scan for a hole in the rock sam-
ple generated by 400 laser shots of 51mJ pulse energy. As can be seen in
the 2D crater image of Fig. 8a there is a small side hole near the bottom
of the crater. This hole can be seen again in the 3D image (Fig. 8b). This
hole is suggested to be due to the ablation of a small granule at the side
of the crater due to the high temperature of the plasma. This may affect
the plasma emission spectrum due to a sudden introduction of this
granule into the plasma. Fig. 8 indicates the ability of the CT scan to
see the undercut of the laser induced craters and monitor any sudden
change in the spectrum observed from the plasma emission.

4. Conclusion

From the results reported in this work it can be concluded that the
CT scan serves as an extremely useful technique for examining the
shape of laser ablation induced craters. The CT scan enables the accurate
measurement of the crater volume,width, depth and cone angle, closely
resembling results obtained from the theoretical simulationmodel. Also
through very high resolution undercut images of the crater it can reveal
very fine details that can't be seen by other crater investigation
methods. These details can be very useful for some spectroscopic
investigations.
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