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Abstract.

Ultrashort pulse laser microablation coupled with optical emission spectroscopy was
under study to obtain several micro-LIBS analytical features (shot-to-shot reproducibility,
spectral line intensity and lifetime, calibration curves, detection limits). Laser microablation of
Al matrix samples with known Cu- and Mg-concentrations was performed by single and double
pulses of 50 fs and 1 ps pulse duration in air and with Ar-jet.

The micro-LIBS analytical features obtained under different experimental conditions
were characterized and compared. The highest shot-to-shot reproducibility and gain in plasma
spectral line intensity were obtained with double pulses with Ar-jet for both 50 fs and 1 ps pulse
durations. The best calibration curves were obtained with 1ps pulse duration with Ar-jet. Micro-
LIBS with ultrashort double pulses may find its effective application for surface elemental
microcartography.



Introduction

Laser microablation coupled with optical emission spectroscopy (micro-LIBS) for
elemental surface cartography and microanalysis of solid samples was under study in [1-7]. With
micro-LIBS applying ns laser pulse durations, the surface analysis was provided with a spatial
resolution of the order of some micrometers [4]. Microablation with ultrashort laser pulses (fs
and ps) has demonstrated the improved analytical performances (depth and lateral resolution,
ablation efficiency) along with a higher accuracy of matter sampling and reduced thermal
damage of the target surface [8-14].

The principal physical mechanisms of laser pulse interaction with solid/ablated matter
and of laser plasma formation are quite different for laser ablation with fs and ns pulse durations
[15]. With fs pulses (when pulse duration is shorter than electron-phonon relaxation time), the
pulse energy is completely deposited into the sample long before the matter ejection takes place.
In this case, a more reproducible ablation without shielding of the sample surface by laser
plasma may be expected. However, as there is no laser beam/plasma plume interaction, one faces
a problem of short-lived analytical plasma and, as a result, a LIBS signal of a low intensity.

In search for the ways for laser plasma "reheating” in microablation with ultrashort
pulses, laser ablation of metal samples was performed with double pulses (50 fs — 10 ps pulse
duration and interpulse time delay At;, = 50 fs - 250 ps) in [16-18]. Application of femtosecond
double pulses with the appropriate interpulse time delay At;, has resulted in significant increase
in intensity and reproducibility of the optical emission signal from the laser plasma plume [16-
17]. The measurements of crater depths and volumes revealed that with double pulses (50 fs — 1
ps), the second pulse was no longer affecting the target surface for the interpulse time delay At,
> 10 ps. Thus, a time delay At;, > 10 ps was the optimal one for plasma "reheating"”. With 50 fs
pulses, the total plasma intensity with double pulses of 20 uJ (2x20 uJ) was 100 times higher
than the one with a single pulse of the same pulse energy (1x20 pJ), and 50 times higher than the
one with a single pulse but with a doubled pulse energy (1x40 pJ). Our observations on ultra-
short double pulse ablation have been confirmed in similar studies in [19-36].

In this study, Al matrix samples with different Cu- and Mg-concentrations were under
ultrashort laser microablation (50 fs and 1ps, 40 — 2x200 wJ, single and double pulses, in air and
with Ar-jet) to obtain several micro-LIBS analytical features (signal reproducibility, spectral line
intensity gain and emission lifetime, calibration curve, detection limit). The results of this study
are compared with those obtained in our earlier investigations [16-17] and also in [19-36]. The

conclusions on possible improvements of several analytical features of micro-LIBS are made.



2. Experimental setup and parameters

2.1  Experimental setup

The general diagram of the experimental setup is presented in Figure 1. A home-made
femtosecond laser system "BOOSTER/LUCA" (CEA Saclay, DSM/IRAMIS/SPAM) was
developed and applied for microablation of Al matrix samples with different Cu- and Mg-
concentration to obtain several analytical features of the micro-LIBS signal. The setup provided
ultrashort pulses (TEM,, mode, 20 Hz repetition rate frequency, 800 nm wavelength, 50 fs and 1

ps, 40 —200 uJ per pulse, single and double pulses, in air and with Ar-jet).
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Figure 1. Diagram of the experimental setup for micro-LIBS measurements.

A telescope with L; and L, lenses (1000 mm and 250 mm focal length, respectively) was used to
reduce the initial beam diameter from 28 mm (on 1/e) to 4 mm, in order to make it compatible
with the optical mirrors and mechanical shutter apertures. The laser beam energy was adjusted
by A/2 and two Brewster plates. The energy of the laser beam was measured by a joule meter
(Optilas RJP 435), while its spatial profile was measured by a Spiricon camera. The shutter
control unit was used for shot-to-shot laser pulse application. Double pulses with the interpulse
time delay (At;, = 150 ps) were provided by a Michelson interferometer. A 100 mm lens was
used to focus the laser beam normally to the Al sample into a spot of 10 um diameter (1/e of the
Gaussian intensity distribution). Special attention was paid to the target positioning (accuracy
within 50 nm) and precise laser beam focalization on the target surface. Laser beam focalization

was controlled by recording the Al spectrum line intensity (on A=394.4 nm and A=396.152 nm)
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of the Al samples under study. As the impurity concentration in all the samples was low (below
5%), the Al spectrum line intensity was almost constant and was used as a reference to verify the
optimal laser beam focusing.

The diagram of the optical setup for light collection emitted by the laser plasma plume is
shown in Figure 2. An optical fiber (silica, 15 m length, 940 um core diameter, numerical
aperture NA = 0.22) was used for plasma light transportation. It is necessary to mention that the
reproducibility of a LIBS-signal may be seriously affected by an excessive magnification of the
plasma plume image onto the optical fiber input. Also, the instability of the plasma shape from
shot to shot may result in deterioration of the analytical signal reproducibility. In this study, the
magnification of the collection optics was under particular control. An optical objective (15 mm
diameter, 25 mm focal length) was used to image the total volume of micro-plasma plume
(typical size of 200 um) onto the optical fiber entrance with a 2x magnification. A double-lens
system was used for imaging the fiber output onto the spectrometer entrance slit without

overtaking the spectrometer numerical aperture (NA). This, the maximal light collection was

provided.
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Figure 2. Diagram of the optical setup for light collection.

For spectroscopic measurements, we used a THR 1000 Czerny-Turner spectrometer (1 m focal
distance, 1800 mm™ grating, MAL = 2.3x10* spectral resolution, ~5.5 nm spectral windows on
A= 632.8 nm, 140 mm mirrors dimensions, NA=0.07). The spectrometer was equipped with a
Princeton ICCD camera (matrix of 576 x 384 pixels of 22.5 um size, 200-800 nm spectral
sensitivity range, cooled by a Peltier module). The ICCD detector was shielded by a flow of dry
nitrogen to avoid water condensation from air. The time delay and gate of the ICCD camera were
adjusted by a pulse generator (PG 200 Princeton).



2.2 Samples and spectral line features

One polished aluminum sample and two sets of Al matrix samples with Cu and Mg
analytical elements (Al-Cu and Al-Mg) were under our experimental study. Table 1 presents
different impurities and their mass content (%) in the polished Al matrix sample. In this paper,
this sample is referred to as "the polished Al sample”. Table 2 presents two sets of Al matrix
samples (4 samples in each set) with different content (%) of the analytical elements Cu and Mg,
referred to as (Cu-1, 2, 3, 4) and (Mg -1, 2, 3, 4) samples, respectively.

Table 1. Impurity content (mass %) in the polished Al matrix sample.

Element Si Fe Cu Mn Mg Cr Ni Zn Ti Pb
Conte(?t 0.57 0.6 3 0.29 1.5 0.1 0.05 | 0.18 | 0.095 | 0.25
(mass %)

Table 2. Al matrix samples with different content (%) of Cu- and Mg-analytical element.

Al-Cu | Cu-content| Al-Mg |Mg-content
samples | (mass %) | samples | (mass %)
(Cu-1) 4.3 (Mg-1) 4.9
(Cu-2) 2.2 (Mg-2) 2.4
(Cu-3) 0.89 (Mg-3) 1.1
(Cu-4) 0.46 (Mg-4) 0.65

A spectroscopic analysis of LIBS plasma under our experimental conditions did not
reveal the excessive number of Al spectral lines, which could present a problem for the detection
of the spectral lines for the impurities with a low concentration. Thus, the spectra of the elements

with a low concentration did not interfere with Al-, Cu- and Mg-spectra in our measurements.

Table 3 presents the spectral line features of the target analytical elements (analytical transitions,
spectral line wavelength (1) and probability (A;;) of analytical spectral line transitions from upper

(Ei) to lower (E;) energy levels) [19].

Table 3. Spectral line wavelength (1), probability (A;;) of analytical spectral line transition from

upper (E;) to lower (E;) energy level for Al-, Cu- and Mg-analytical elements.

Element | A (nm) | Ei(cm™) | Ej(cm™) | A;(10°s™)
Al 396.15 25348 112 0.982
Al 394.40 25348 0 0.498
Cu 521.82 49942 30784 0.75
Mg 518.36 41197 21911 0.575




2.3 Spectrum recording settings

The optimal spectrum recording parameters of the ICCD gated camera (time delay tq after
the laser shot and gate width tg) were determined by the time-dependence of the analytical
spectral line signal. The latter is regarded as a peak intensity (or an integral intensity) of the
detected spectral lines. To obtain a higher reproducibility of the analytical signal, we used the
ratio of the spectral line intensity of the analytical element versus the background intensity.

The temporal evolution of the spectral line intensity of Al (on A= 396.152 nm) was
registered by the ICCD camera with a short gate width tq = 20 ns for different time delays tq. The
measurements were made after each laser shot applied for the sample microablation. The Al
spectral line intensity (peak values) evolution and the Al spectral line width (FWHM) versus the
time delay tq are shown in Figure 3 (a) and (b), respectively. The auto-absorption of the spectral

line was not very pronounced, even for the Al-resonant transitions.
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Figure 3. (a) — temporal evolution of Al spectral line intensity (A= 396.15 nm) in arbitrary units
and (b) - spectral line width (FWHM) in nm versus the ICCD camera time delay for 50 fs
microablation of the polished Al sample (40 pJ, single pulse, in air, ICCD camera gate width ty =
20 ns).

The above measurements were made with 30 accumulated spectra. A spectrum was
registered after each laser shot using an optical spectrometer with a slit width of 300 um, which
corresponds to a 0.13 nm spectrometer resolution on A2=518.36 nm (Mg spectral line).

For ty > 150 ns, the Al spectral line intensity was high enough. The line width was

constant and not very wide for analytical applications, so as to ensure a better distinction of the



registered spectra. The time delay ty = 150 ns was regarded as the optimum. It was used

throughout our study with the camera gate width ty = 2 ps.

3. EXPERIMENTS AND RESULTS

3. EXPERIMENTS AND RESULTS

3.1. Reproducibility of the LIBS-signal

The polished Al sample was under microablation with ultrashort pulses (50 fs and 1 ps,
40 WJ pulse energy, single and double pulses, in air and with Ar-jet). Thirty laser shots per crater
were made to obtain several craters (10 pm diameter, 100 um apart on the target surface). The
choice of this specific number of laser shots per crater was justified by the fact that the volume
of ablated matter was in linear dependence with respect to the pulse number of up to 30 laser
shots [17].

After each laser shot, the Al spectral line intensities (394.4 nm and 396.152 nm) were
recorded by the ICCD camera. Thus, 30 spectra per crater were registered (Figure 4). As the first
laser shot was made to clean the target surface, the intensity of the very first spectrum line was
lower than those of all the following spectra. Therefore, the first laser shot was not considered in
p-LIBS signal reproducibility evaluation. Shot-to- shot signal reproducibility of the Al spectral
line intensity with 50 fs double pulses both in air and with Ar-jet (Figures 4 b and A4c,

respectively) was much better than the one with a single pulse in air (Figure 4 a).
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Figure 4. Thirty Al spectra (A=394.40 nm and A=396.15 nm) for the polished Al sample under
50 fs microablation (40 pJ, 30 shots per crater): (a) — single pulse in air; (b) — double pulses in
air; (c) — double pulses with Ar-jet. Al spectral line width (FWHM) is 0.26 nm (A=396.15 nm),
spectrometer resolution is 0.1 mm for 300 um entrance slit width, ICCD camera delay ty = 150

ns and gate t; = 2 ps. G iccp - the applied ICCD camera gain.

The reproducibility of the Al line spectral intensity for both 50 fs and 1 ps pulses is
shown in Figures 5a and 5b, respectively. With double pulses for both 50 fs and 1 ps (in air and
with Ar-jet), the reproducibility of the signal intensity was very high (=10%), and much better

than the one for single pulses under the same conditions (Figure 5). The spectral line intensity
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was almost constant for 30 laser shots on the same crater. However, it was observed to decrease

for a larger number of laser shots per crater (=100 shots).
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Figure 5. Al spectral line (A=396.15 nm) intensity reproducibility (%) versus the surface crater
number for the polished Al sample under ultrashort microablation (40 uJ, single and double
pulses, in air and with Ar-jet, 30 shots per crater) with: (a) - 50 fs; (b) - 1 ps. A - single pulse in
air, < - single pulse with Ar-jet, 0 - double pulses in air, O - double pulses with Ar-jet. For the

sake of clarity, the data on reproducibility are presented in decreasing order.

The effect of double pulses on the improvement in the signal reproducibility has been
demonstrated with the Al matrix sample with Mg mass content of 2.4% (Mg-2 sample from
Table 2). Thirty Mg spectra (A=516.732 nm, 517.268 nm, 518.36 nm) obtained with single and
double pulses (50 fs, 40 pJ per pulse, in air, 30 pulses per crater) are shown in Figures 6a and
6b, respectively. With double pulses, the signal reproducibility was also much better than the one

obtained with a single pulse.
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Figure 6. Thirty Mg spectra (A=516.73 nm, A=517.26 nm, A=518.36 nm) of Al matrix sample
with Mg content (2.4%) under 50 fs microablation (40 wJ, 30 shots per crater): (a) — single pulse
in air; (b) — double pulses in air. Mg spectral line width (FWHM) is 0.17 nm (A=518.36 nm),
spectrometer resolution is 0.13 nm for 300 um entrance slit width, ICCD camera delay t; = 150

ns and gate width ty = 2 ps. G ccp - the applied ICCD camera gain.

The reproducibility of the signal intensity was affected by laser energy fluctuations. The

increase in laser pulse energy fluctuations resulted in a reproducibility decrease of the spectral
line. Figure 7 demonstrates the intensity reproducibility (%) of the Al spectral line (A =396.15
nm) for a laser beam with 4% and 10 % laser energy stability. Shot-to-shot spectral line
reproducibility with double pulses (10%) was comparable with the one obtained with ns single
pulse LIBS [4].

11



70

g @ Gicep=2
> 8O & A
2 A A
2 40 @ &
o ik
-§ an A i ﬁ o
GEJ- 20 L & * *
R 1] *
i} 1 2 3 4 5 i T

Crater number

Figure 7. Al spectral line (A=396.15 nm) intensity reproducibility (%) versus the surface crater
number for the polished Al sample under 50 fs microablation (40 pJ, single and double pulses, in
air, 30 shots per crater) for 4% and 10% laser energy stability. A - single pulse, 10% laser energy
stability; A - double pulses, 10% laser energy stability; < - single pulse, 4 % laser energy
stability; @ - double pulses, 4 % laser energy stability. G |ccp - the applied ICCD camera gain.

For the sake of clarity, the data on reproducibility are presented in decreasing order.

3.2.  Spectral line intensity gain

To obtain and compare the intensity gain of the LIBS-signal under different experimental
conditions, the polished Al sample was under microablation (50 fs, 1 ps, single and double
pulses, in air and with Ar-jet) following a procedure similar to the one presented above for the
reproducibility of the LIBS-signal (see Section 3.1.). The Al (396.4 nm) and Mg (518.36 nm)
spectral lines were registered by the ICCD camera as above (see section 3.1). The intensities of
Al and Mg spectral lines obtained with 50 fs are shown in Figures 8a and 8b, respectively. The
spectral line gain was calculated for the maximum peak intensity and integrated peak area
("surface™” under spectral lines). The spectral background was subtracted in both cases. The Al
and Mg spectral line gain calculated according to integrated peak area and maximum peak

intensity for 50 fs and 1 ps under different experimental conditions are shown in Table 4.
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Figure 8. (a) - Al (A=396.152 nm) and (b) - Mg (A= 518.36 nm) spectral line intensity for the
polished Al matrix sample (with Mg of 1.5 % mass content) under 50 fs microablation (40 pJ,

single and double pulses, in air and with Ar-jet). G |ccp - the applied ICCD camera gain.

Table 4. Intensity gain for Al (A=396.152 nm) and Mg (A=518.36 nm) spectral lines calculated
by intensity peak and "“surface™ for polished Al matrix sample under 50 fs and 1 ps
microablation (40 pJ, single and double pulses, in air and with Ar-jet). I, and l1ar - intensity for
single pulse in air and with Ar-jet, respectively. 2 and l,a, - intensity for double pulses in air

and with Ar-jet, respectively.

Liar / 11air 2air / l1air Loar / l1air
Element T peak | “surface” | peak | “surface” peak “surface”
50 fs 8.5 9.8 4.3 4.5 26 32
Al gps | 78 | 9 41 | 48 28 37
Mg 50 fs 9.7 8.3 1.5 6.8 19 14
(1.5 %) 1ps 10 8.2 4.6 4.4 19 15

13



The results obtained on the intensity gain of the spectral line in Al and Mg spectrum

under the above experimental conditions may be summarized as follows:

the intensity gain was almost the same for maximum peak intensities and integrated peak

areas;

the spectral line intensity gain was almost the same for both 50 fs and 1 ps pulse durations;

the highest intensity gain was with double pulses in Ar-jet;

the intensity gain for Ar-jet with single pulses was higher than the one with double pulses in

air.

3.3.  Calibration curves

The calibration curves were obtained for Al matrix samples of the known Mg and Cu mass
content (see Table 2). The procedure to obtain the calibration curve was the same for all the
samples. The samples were under ultrashort microablation (50 fs/40 pJ per pulse, 1 ps/40 pJ and
100 pJ per pulse, single and double pulses, 30 shots per crater, in air and with Ar-jet) to obtain
10 craters (100 um apart on the target surface). The Mg and Cu spectral lines were registered by
the ICCD camera to obtain a spectrum after each laser shot (Figure 6). Thirty spectra registered
per crater were summed to obtain a single spectrum per crater. Then, the ratio of the analytical
spectral line intensity to the one of the background was calculated. The mean value of these
ratios for 10 craters was taken for each point of the calibration curve for each Al matrix sample.
This procedure also allowed us to consider the surface inhomogeneity. For the Al matrix samples
with the analytical element (Cu or Mg) of a high mass content (above 10 %), the intensity of the
spectroscopic signal was not stable and was changing from crater to crater. We suggested that
this signal instability might be attributed to a non-homogeneous distribution of the impurities on
a 10 um scale. As these samples were not suitable for calibration curve tracing, only the Al
matrix samples with a lower Cu or Mg mass content (below 10%) were used.

The ICCD camera gain (G = 1-10) was the same for each calibration curve. The ICCD
camera gain was chosen so as to avoid the saturation during the recording of the spectra
corresponding to the highest Mg or Cu mass content.

The Mg calibration curves for the Al matrix samples with different Mg mass content
(Table 2) obtained under femtosecond microablation (50 fs, 40 uJ per pulse, single pulses in air,
double pulses in air, double pulses with Ar-jet) are shown in Figure 9. With a single pulse in air,
it was necessary to use a high ICCD camera gain (G=8), which testified to the fact that the
analytical signal (spectral line intensity) was low. The reproducibility of the signal intensity was
also low with a relative standard deviation (RSD) of around 30-40 % (see Figure 6). As a result,

the calibration curve was deteriorated, and its points were not well-aligned (Figure 9 a). With
14



double pulses both in air and with Ar-jet, the points of the calibration curves were aligned quite

well (RSD <15%). For double pulses with Ar-jet, it was possible to use a much lower ICCD

camera gain (G=4.7), which testified to the important increase in the spectral line intensity (see

Figure 9).
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Figure 9. Mg calibration curves (A=518.36 nm) for Al matrix samples with different Mg mass
content (4.9%, 2.4%, 1.1%, 0.65%) under 50 fs microablation (40 pJ, 30 shots per crater): (a) —
single pulse in air; (b) — double pulses in air, (c) — double pulses with Ar-jet. G |ccp - the applied
ICCD camera gain.
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The Cu calibration curves were obtained by microablation of all four Al-Cu samples (see
Table 2) with 50 ps pulses (40 pJ per pulse, double pulses, in air and with Ar-jet), while 1 ps
microablation (with the same experimental parameters and conditions) was applied only for two
of the samples (with 0.89% and 4.3% Cu concentrations). The Cu calibration curves were almost
similar and with well aligned points for both 50 fs and 1ps double pulses in air and with Ar-jet

(Figures 10a and 10b, respectively).
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Figure 10. Cu calibration curves (A=521.82 nm) for Al matrix samples with different Cu mass
content (4.3%, 2.2%, 0.9% and 0.46%) under 50 fs and 1 ps microablation (40 uJ, 30 shots per
crater): (a) — double pulses in air; (b) — double pulses with Ar-jet. A -50 fs; & -1ps. G ccp -
the applied ICCD camera gain.

16



4. Discussion and conclusions
4.1  Micro-LIBS signal reproducibility

In our study, the plasma size from the point of view of micro-LIBS signal reproducibility
was under special attention. Magnification on the optical fiber entrance (Figure 2) was set so
that the largest plasma sizes produced under our experimental conditions were inferior to the
fiber core diameter. Thus, the effect of possible plasma shape variations on the signal
reproducibility was reduced.

In all our experiments to observe the Al and Mg spectral lines, the reproducibility with
double pulses was always better than the one with single pulses.

Reproducibility measurements were made with single pulses both in air and with Ar-jet.
Ar-jet application did not result in any improvements in the signal reproducibility, but the
spectral line intensities were observed to be increasing. As the Ar-jet has not improved the signal
reproducibility, one may conclude that the improvements in reproducibility may be attributed to
the application of double pulses.

4.2  Analytical signal intensity

The previous experiments have demonstrated that the following: (1) the plasma light was
more intense with double pulses than with single pulses; (2) the plasma light intensity was
slowly increasing with the increase in the interpulse delay Aty > 10 ps [16]. The observed Al, Cu
and Mg spectral lines were following the same pattern. With double pulses, the registered
spectral lines were systematically more intense than those registered with single pulses (see
Figure 8). With double pulses, the electronic temperature and density, and also the plasma
lifetime were increasing [20]. It was suggested that the second pulse does not reach the target,
but rather reheats the plasma by increasing its electronic density and temperature [38], and
degree of atomization [19].

With Ar-jet application, we observed the intensity lines increase irrespective of all other
experimental conditions. The effect of different buffer gases on iron lines was demonstrated in
[39]. With Ar-jet, the plasma temperature and density were higher than those obtained in air. It
should be also mentioned that some elements (Al, for example) are known to form oxides when
the laser-induced plasma cools down and mixes with air. Thus, atomic species recombine with
oxygen to form a molecule, thereby reducing the potential numbers of atomic emitters. An
example of such molecular formation is presented in Figure 11. Thus, the use of an inert gas
does not only result in the increase of the plasma’s electronic temperature and density, but also

reduces the effect of the oxidation of atomic species.
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Figure 11. AlO spectrum for Al sample under 50 fs microablation in air (40 pJ, single pulse).

From Table 4, one can see that the line intensity gain has been almost doubled with

single pulses in Ar-jet if compared with the one obtained with double pulses in air.

4.3  Calibration curves

The Cu calibration curves obtained with 50 fs and 1 ps pulse of the same energy (40 J)
were found to superimpose quite well. This is in correlation with the results of our previous
studies [17]. Crater volumes, depths and diameter were the same for metal samples irradiated by
pulses with 50 fs - 1 ps durations with identical experimental parameters [10-11]. In addition, the
analysis of plasma images with 50 fs or 1 ps pulse durations has demonstrated that plasma
reheating was identical in both the cases [16-17].

However, despite the above mentioned similar results obtained with 50 fs and 1 ps
applications for microablation of Al-Cu samples in our study, there is an important difference in
the use of these two pulse durations from the point of view of the laser pulse energy. Indeed, the
maximum energy which may be used for 50 fs pulses is actually much lower than that which
may be applied for 1 ps pulses. With 50 fs pulses, if the laser pulse energy is too high, one may
observe undesirable non-linear effects that may significantly affect the focusing. Thus, the pulse
energy should be limited for the pulses with durations in the range of a few tens of
femtoseconds. In our study, with 50 fs pulses under the above experimental conditions, the
maximum laser pulse energy was 40 J.

For 1 ps pulses, in contrast to 50 fs pulses, these energy limits for a laser pulse are not
imposed. Thus, a pulse of a higher energy may be used to increase mass removal and, as a result,

plasma light emission. In our study with the polished Al sample, the intensity of the Al spectral
18



line was assessed as a function of laser energy. The curve obtained for 2x20 — 2x200 J energies
was linear (Figure 12). Thus, these results have demonstrated that it is far more advantageous to
apply pulses with duration of a few ps rather than that of a few tens of fs.
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Figure 12. Al (A=396.15 nm) spectral line intensity (in arbitrary units) versus double pulse laser

energy for Al matrix sample under 1 ps microablation (double pulses, in air).

Based on the above conclusions, new calibration curves were plotted with the Al-Mg
samples (see Table 2) for 1 ps pulses of a higher energy of 100 uJ with single pulses in air, with
double pulses in air and with Ar-jet (Figure 13 a, b, c, respectively). These calibration curves
demonstrate satisfactory correlation coefficients. The line intensities are indeed stronger than
those obtained with 50 fs pulses. In addition, the gain was set to a lower value than the one used
with a 50 fs pulse duration. From these results, one may conclude that there is no particular
interest in applying 50 fs pulse durations for surface cartography by micro-LIBS. The reasons are
as follows. Firstly, 50 fs duration pulses (if compared with 1 ps) have not demonstrated any
advantages or improvements in lateral and depth resolutions when applied to surface
cartography. Secondly, non-linear effects impose certain limits on the maximum usable energy
and therefore plasma emission. Thus, all the reasons are in favour for the application of ps laser

pulses for micro-LIBS surface cartography.
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Figure 13. Mg calibration curve (A=518.36 nm) for Al matrix samples with Mg-concentrations
(4.9%, 2.4%, 1.1%, 0.65%) under 1 ps microablation (100 pJ, 30 shots per crater): (a) — single
pulse in air; (b) — double pulses in air; (c) — double pulses with Ar-jet. Giccp - the applied ICCD
camera gain.

4.4  Detection limits

Based on the above conclusions which are in favour of the application of 1 ps pulses, the
detection limit was inferred from the calibration curves obtained with 1 ps pulses. The
calculation was made according to the procedure recommended by the International Union of
Pure and Applied Chemistry (IUPAC)

30
DL = —
S
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where o - standard deviation and s - calibration curve slope. The detection limit was
evaluated with the Mg calibration curve obtained with a 1 ps microablation (100 pJ, double
pulses, with Ar-jet, 30 pulses per crater), which provided the most important photon emission by
the plasma plume (see Figure 13c). The standard deviation o and calibration curve slope s were
calculated over 5 x 30 accumulated spectra (5 craters, 30 laser shots per crater). An example of
the accumulated spectrum after 30 laser shots is presented in Figure 14. The standard deviation
was calculated for the Al matrix sample with the lowest Mg concentration (0.65%) in our study.
For Mg, we obtained a DL of 0.0035%, that is, DL=35 ppm.
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Figure 14. Mg spectrum (accumulated after 30 shots) for Al matrix sample with a low Mg
concentration (0.65%) under 1 ps microablation (100 wJ, double pulses, with Ar-jet). The
standard deviation of the background intensity was calculated within the spectral zone indicated

by two dots. The ICCD camera gain G ccp = 3.7.

The obtained results may be regarded as very promising for the following reasons.
Firstly, the ICCD gain used for plotting the calibration curve was rather low (3.7/10). This means
that the samples of lower concentrations could be under analysis with a higher ICCD gain.
Secondly, the energy of the laser pulses may be increased to up to 2x200 pJ (the highest energy
possible with our laser) with the optimized adjustments. Based on these considerations, one may

expect the possibility to make concentration measurements in the 1-10 ppm range.

45  Conclusions

The LIBS analytical signal is a complex feature which is determined by a number of
properties (laser energy, laser pulse duration, time delay between consecutive laser shots,
environment, target surface, transition probability and energy levels, ICCD-camera delay time
and gate width for signal registration, plasma plume shape, etc.). The analytical signal is

regarded as a peak intensity (or an integral intensity) of the detected spectral lines. To obtain a
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higher reproducibility of the analytical signal, we used the ratio of the spectral line intensity of
the analytical element versus the background intensity. The efficiency of Al sample ablation with
50 fs — 1 ps pulses does not depend on the laser pulse duration [10-11, 13]. For 50 fs pulses, the
maximum pulse energy did not exceed 40 pJ so that the undesirable nonlinear effects inherent to
fs laser propagation in air (10 um waist spot) may be avoided.

Al matrix samples with Mg and Cu analytical elements of different concentrations have
been subjected to microablation (50 fs and 1 ps, single and double pulses, in air and with Ar-jet)
to obtain several micro-LIBS analytical features (reproducibility, line intensity gain, calibration
curves and detection limits).

The obtained micro-LIBS signal features were compared. The micro-LIBS signal
reproducibility was better with double pulses than the one with single pulses, irrespective of
pulse duration (50 fs or 1 ps) and environment (in air or with Ar-jet). RSD values were ranging
from 10-15 % for 50 fs pulses, and 7-10% for 1 ps pulses. The line intensity gain was defined by
the ratio of the line intensity obtained with: 1) double pulses in air, 2) single pulses in Ar-jet, and
3) double pulses in Ar-jet versus the line intensity which was recorded with single pulses in air.
For the above three cases, the line intensity gain was around 5, 10 and 20, respectively.

The calibration curves were plotted for Al-Mg and Al-Cu samples, with Mg and Cu
concentrations in a few tens of ppm range. The calibration curves obtained with 50 fs and 1 ps
pulse durations were found to superimpose quite well. For both 50 fs and 1 ps, the lateral and
depth resolutions and plasma light emission were similar. However, with 50 fs laser pulses, the
maximum accessible pulse energy should not be too high so as to avoid undesirable nonlinear
effects in air. With 50 fs pulses under our experimental conditions, the maximum laser energy
was 40 pJ, while with 1 ps pulses it was possible to use a higher laser pulse energy (200 pJ in
our study). Thus, to determine the detection limits of the analytical element of the samples under
study, the application of 1 ps pulses with the increased pulse energy was considered as more
advantageous. A 1 ps laser pulse of 100 pJ energy was used to obtain the calibration curve to
determine the detection limit of Mg in the Al-Mg samples under study. The detection limit was
around 35 ppm.

For both 50 fs and 1 ps pulses under the experimental conditions of this study, the
ablation and plasma properties were almost the same. However, taken into account the limited
pulse energy for 50 fs pulses, one may conclude that 1 ps pulses should be regarded as more
advantageous and quite promising for LIBS micro-analysis in air in the ppm concentration range.
Further investigations are required to study higher laser energies and ICCD gains, which could

yield satisfying results in the ppm concentration range.
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The analysis of our results and those obtained in [19-36] has revealed the fundamental
role of the electron-lattice relaxation time (te. ~ 1-10 ps) for laser ablation regime and the
resulting double pulse LIBS-features. At t< 1, the energy of the first laser pulse is absorbed by
the conduction band electrons in metal, thus causing a rapid increase in the temperature of
electrons. At t~te When the electron-lattice relaxation takes place, the lattice temperature and
pressure are increasing and result in matter ablation, followed by laser plasma formation at t >
Tel. Thus, for the LIBS-method with double pulses, the delay between laser pulses At;; may be
considered as a determining feature for the interaction regime. At Atj, < t¢, the crater depth is
increased for each applied pulse. That is, for both single and double pulses of the same energy,
the ablation rate is the same [17] and does not depend on the pulse duration [13]. For Aty, > ¢
(At~ 10 ps, in our case), the second pulse reheats the ablated matter without causing any
additional ablation. In this case, the second delayed pulse results in the increase in the
atomization and excitation degree of the plasma plume, thus improving the LIBS-performances
with ultrashort pulses. One should mention that the data of the double pulse ablation modeling in
[35-36] are in correlation with the experimental results, thus confirming our adequate

understanding of the mechanisms of ultrashort double pulse laser ablation.
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Highlights

e Micro-LIBS analytical performances (reproducibility, line intensity gain, calibration
curves and detection limits) were studied with ultrashort laser pulses (50 fs and 1 ps,
single and double pulses, in air and with Ar-jet).

e The line intensity gain was obtained with double pulses in air, single pulses in Ar-jet, and
double pulses in Ar-jet versus the line intensity which was recorded with single pulses in
air. For the above three cases, the line intensity gain was around 5, 10 and 20,
respectively.

e For both 50 fs and 1 ps pulses under the experimental conditions of this study, the
ablation and plasma properties were almost the same.

e Calibration curves were plotted for Al-Mg and Al-Cu samples with Mg and Cu

concentrations in a few tens of ppm range. The detection limit was around 35 ppm.

28



