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Abstract: Nowadays, one of the methods of choice for minimal invasive sampling of solid matter is laser ablation
(LA). Routine LA sampling is performed commonly in the laboratory and the amount of ablated mass can directly
be monitored and analysed. By contrast laser-based sampling in the field, using a portable laser ablation system
(pLA), still remains challenging concerning low-absorbing or NIR-transparent samples. The current hardware is
limited in regards to photon energy and density resulting in unsteady ablation. But as the actual amount of col-
lected mass is the major crux of on-site sampling, with this performance it is often unknown and estimates can
only be made based on the experience from prior method development and the experience of the user. In the
following work an easy-to-use method to monitor the amount of ablated material collected during laser-based
sampling by measuring the acoustic response is presented. The pLA-system was coupled to inductively coupled
plasma mass spectrometry (ICPMS) via a diffusion driven gas exchange device (GED) which allowed to monitor
mass removal and acoustic response quasi-simultaneously. For the current instrumentation only actual mass
removal leads to the formation of shockwaves (SW) and, thus, acoustic signals. These events can be used as
indicator for executed LA events and counted on an individual basis. The intensity of acoustic signals has been
shown to correlate with the LA mass, i.e., the amount of ablated material. This allows to perform re-adjustment
of the laser focus during sampling for optimal ablation based on the intensity of the acoustic signal. Likewise,
acoustic intensity together with counting allows the operator to make estimates about total mass sampled.
Therefore, unsuccessful laser aerosol collection in the field shall become a thing of the past.
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1. Introduction

Laser-based sampling of solid materials for analytical purpos-
es is almost as old as the invention of the laser itself.l!3 The
removal of substance through exposure to laser pulses is called
laser ablation (LA), whereby the laser irradiance exceeds the ma-
terial- and the wavelength-specific threshold value and the solid
sample undergoes decomposition.

This decomposition is accompanied by the following pro-
cesses: solid-to-liquid-to-vapour ‘forward’ phase transitions of
sample material and the formation of aerosols through nuclea-
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tion, condensation and agglomeration, including emergence and
expansion of a laser induced plasma (LIP).5! Over the past few
decades LA has been studied intensively and the interest is still
growing based on its versatile applications.

LA as a microprobe sampling tool originates from high-res-
olution material processing.l®] Over time, the wish of scientists
and, in particular, (analytical) chemists for multi-element- and
isotope-selective analyses of the ablated material led to the devel-
opment of various LA-based ‘hyphenated’ techniques. These are
various including direct mass spectrometry (LAMA/LAMS),[7:8]
LIP spectroscopy as laser induced breakdown spectroscopy
LIBS,B! the operation with secondary ionization sources such as
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inductively-coupled plasmas (ICP’s) for both optical emission
spectroscopy OESP! or mass spectrometry MS.[10]

The linking of laser ablation with inductively coupled plasma
mass spectrometry as LA-ICPMS is nowadays considered to be
one of the methods of choice for the determination of the elemen-
tal/isotopic composition of solids, including their major, minor,
trace and ultra-trace elements. LA-ICPMS is characterised by
relatively simple handling of samples (no high vacuum required),
high spatial resolution down to um-levels, wide linear-dynam-
ic range up to nine orders of magnitude in combination with
low limits of detection reaching attogramme concentrations.1!]
Nevertheless, LA-ICPMS requires a laboratory infrastructure
with controlled and stable settings, including a well-defined ab-
lation area. LA is most commonly accomplished using an airtight
ablation cell flushed with inert gases such as argon or helium.
This leads to restrictions in terms of sample size; typically up to
a few centimetres. However, many samples especially in the field
of archaeology or geology are either too big or bulky, immobile or
not moveable due to regulatory restrictions and are consequently
not accessible for laboratory based analysis.

Therefore, from 2010 on our research group conceptualized
and developed a portable laser ablation system (pLA).l'2-141 With
the aid of this instrument it has become possible to analyse the
aforementioned objects by sampling on-site and measuring the
elemental composition back in the laboratory. pLA combines
quasi non-destructive sampling of conventional LA with the al-
most unlimited sampling capabilities in terms of sample size and
site of a portable device. In comparison to other portable devices,
such as pLIBS or pXREFE,'3l it enables analysis to nearly all metals
and oxides of the periodic table plus isotopic information, while
providing overall low limits of detection compared to the other
techniques.

The pLA system was designed to be robust, lightweight and
reliable. It consists of a Nd:YAG laser operated at a VIS wave-
length of 532 nm connected to a handheld LA module via an opti-
cal fibre. The LA aerosols are drawn by deposition on filters using

pLA-Mic-GED-ICPMS

Audio interface

a membrane pump positioned downstream. Notably, the VIS laser
wavelength used enables low-loss light transmission through the
optical waveguides while offering sufficient laser pulse and pho-
ton energy to decompose even dielectric materials. In comparison,
UV light guided in a similar way would suffer a substantial loss
of energy on its way. The setup has been successfully used for
analysis of metallic and NIR absorbing samples,!'216:171 but the
drawbacks concerning pulse energy, photon energy and fluence
do not allow sampling of low-absorbing or NIR-transparent sam-
ples, such as ceramics, glasses or certain minerals. No, weak, or
unsteady LA leads to a lower ablated amount than required for
further analysis,!!8] resulting in unsuccessful field trips.

During every LA-event up to half of the energy can be con-
verted into an acoustic shockwave (SW),119 which can be heard by
the human ear and recorded by a microphone. The SW has been
shown to not only indicate LA2% but also to estimate the amount
of mass removal.[2!l This allowed to use it for normalization pur-
poses in the sense of internal standardization, e.g. correlation
between acoustic and OES-signals has been reported.[20-251 Ever
since the beginning of acoustic tracking of LA, the high sample
dependency proved to be a mayor disadvantage and prevented
a broader application of this technique. Nevertheless, in recent
years the concept has been revived,[2 especially in the field of
laser induced breakdown spectroscopy (LIBS).[26-28]

2. Experimental Approach for the Acoustic Tracking of
Laser Ablation

This work explores the concept using acoustic SWs created
during LA sampling as marker and measure for mass removal.
All experiments were performed by an in-house built portable LA
system, as described by Glaus et al.'2!41 The handheld module
was re-constructed and equipped with a capacitor microphone for
SW acoustic monitoring,!'2141 (BY-M1, BOYA, Shenzhen Jiayz
Photo Industrial ;audio interface: scarlett 2i4, focusrite, High
Wycombe, GB, see Fig. 1). An acoustic channel was integrated
at the lower end of the module, which together with the micro-
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Fig. 1. Setup for the investigation of the acoustic signal produced by pLA-sampling. The laser source is triggered resulting in a laser ablation pulse
delivered by a glass fibre to the ablation head of the pLA-System. The laser is focused on the sample leading to mass removal due to absorption of
the laser on the sample surface of the solid. As the fast expansion shockwave detaches, it is tracked by the microphone (Mic) which is coupled to
an acoustic channel in the ablation cap (red track). With the information of the acoustic data, one is able to count each laser ablation event including
mass removal (+1) and allows to estimate the total ablated amount of material. The ablated mass can either be collected in the field for subsequent
analysis in the laboratory or directly analysed by the connection to an ICPMS via a diffusion driven gas exchange device (GED, air-to-argon).
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phone served as directional microphone. This allows to narrow
the focus of the measurement to the LA site. By monitoring the
acoustic pressure, it became possible to count every successful
LA event and, thus, to estimate the amount of material removed.
Background noise and vibrations from the lab setting (and es-
pecially from the membrane pump responsible for the transport
of the ablated mass) turned out to interfere with the LA acoustic
signals in their low-frequency band and reduced the microphone
sensitivity. The acoustic signal was therefore pre-processed prior
to counting using a FFT band-stop filter for covering frequencies
between approximately 100 and 1500 Hz, which enabled to sub-
stantially suppress background noise while only minimally com-
promising the actual signal.

Calibration of the directional microphone allowed to measure
absolute pressure readings (in units of [Pa]) to the otherwise ar-
bitrary amplitude values. Acoustic signals were evaluated using
three different approaches with increasing information content:
1. Counting: The acoustic signal produced by LA is measured

as a sudden deviation or discontinuity in the acoustic signa-
ture (peak), which results in a broadband increase in power
spectral density. This can be distinguished from background
signal and allows for counting actual mass removal events.

2. Sum of the maximal amplitudes: The maximal pressure devi-
ation of the discontinuity is representing the main energy of
the formed shockwave and serves as a more detailed descrip-
tion. This information allows to compare ablation events with
each other. Either directly during the measurement where the
relative signal intensity can be used for instant quality control
of the laser focus, with the possibility for direct readjustment,
or by the sum over a series of ablation events as indicator of
its entity.

3. Event level: Taking into account the total signal structure,
such as the oscillation over time, and variation in-between
different signals, the Event Level (EL), as the integration over
the squared signal, is an even more precise measure for the
acoustic energy in a series of ablation events. However, the
accumulation over a longer time period amplifies the effect
of the background noise. This measure is commonly used for
the description of intense, single acoustic events such as gun
shots.

The comparison of acoustic signals and ablated mass was ac-
complished using the pLA-system in combination with ICPMS.
For this purpose, ambient air was exchanged with Argon by a
diffusion driven gas exchange device (GED, air-to-argon).[!¢] In
doing so the detour including time- and resource intensive wet
chemistry were avoided. In ICPMS, while operating in their lin-
ear-dynamic range the signal is directly proportional to the intro-
duced mass and is therefore directly useable as a measure of mass.

2.1 Theoretical Aspects of LA Acoustic Monitoring

According to definition, LA is the process of removing mate-
rial from a solid’s surface by exposure to (pulsed) laser radiation.
This results in the formation of SW’s whose intensity is assumed
to relate to the amount of mass removed during LA. The aim of
our study was to get a better understanding of the relation between
the laser properties, as energy and ablation area, and the sample
dependent ablation process. The specific interest was set in re-
gards of the total amount of mass removal and the intensity of the
formed acoustic shockwave.

Esy = C - |Ep — AEy, + 3 AEL] (1)

The model calculations are based on an energy conservation
approach that is summarized by Eqn. (1). The shock wave energy
E, is given by the remaining energy stemming from the total

energy of the laser absorbed by the target, given as E, minus
losses due to heat diffusion (AEHD) plus the sum of additional con-
tributions/deductions (AE"), as e.g. gain of energy due to plasma
shielding or losses due to thermal radiation, times a correction
factor C. The calculations depend highly on the laser- and mate-
rial-parameter, which influence the different energy terms. The
calculations were performed for the model system of pure copper
and a ns-laser with a wavelength of 532 nm, as used within the
pLA-system. The model allowed varying the energy of the laser
and the dimension of the ablation spot, while providing the abso-
Iute mass removal (in pg) and the amplitude pressure of the acous-
tic shockwave (in Pa). In Fig. 2, the results for a fixed laser energy
(E,= 0.5 mJ) and the variation of the spot size is shown. Changes
in energy density during the ablation with the pLA are common
as the energy can instrumentally be fixed but small variation in the
positioning of the laser focus on the samples lead to changes in the
spot-size, given by the short focal length of the setup.

The calculation reveals that the acoustic signal is directly
related to the energy density: the higher the energy density, the
higher the corresponding acoustic energy. This enables to use the
acoustic energy as an indication for the quality of the laser focus,
where the smallest spot-size is desired. On the other hand, the
mass removal increases for an increasing spot-size, but reaches a
maximum above which the amount is decreasing again. This max-
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Fig. 2. The model calculation presented is based on an energy con-
servation approach given by Eqn. (1) for a pure copper sample and a
ns-laser with 532 nm wavelength. The laser energy E; was set to 0.5 mJ
while the spot size and therefore the fluence was changed (x-axis).

The red line indicates the minimal radius r_, on which the laser of the
pLA-system can be focused. Top: With increasing spot-size the calcu-
lated acoustic amplitude decreases steadily until it reaches zero with
ar,, of roughly 50 um. Bottom: The mass removal [pg] increases with
increasing spot-size as the penetration depth is limited and the energy
is sufficient for full mass removal. Around r_ , 30 um the ablated mass
reaches a maximum and decreases with increasing spot-size as the
amount of energy is not sufficient for complete mass removal.
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imal ablation is in the accessible region of the portable laser. A
precise calibration for the mass removal is therefore challenging
and can only be given with a high uncertainty.

2.2 Acoustic Tracking of Mass Removal

Performing experiments with the described setup including
various samples showed consistency regarding the joint appear-
ance of signal for the mass removal, given by an ICPMS response,
and an acoustic signal. Acoustic signal due to a laser-induced
air-breakdown was experimentally excluded beforehand. Samples
with low absorbance regarding the laser wavelength of 532 nm,
e.g. calcite, showed no response on both channels. On the con-
trary, all acoustic signals could be linked to actual mass removal.
Therefore, the acoustic signal is suitable to count all the actual
LA-events leading to mass removal.

2.3 Ablation of Metal Samples

The pLA-system was initially designed for sampling materials
with low ablation thresholds in the VIS spectral range, e.g. metals.
The ablation threshold of these samples is about an order of mag-
nitude lower than that required for non-metals and no problems
concerning ablation were encountered. The investigation of single
ablation events as part of sequence of pulses for hole drilling ex-
periments showed an ambiguous picture (see Fig. 3). A possible
explanation can be given by the theoretical calculation in section
2.1. The triangular spread is in agreement with the model cal-
culation, as increasing acoustic signal amplitudes imply broader
possible mass related responses. Nevertheless, the description of
overall trends with the investigation into these samples was pos-
sible. As in conventional LA, the first few laser pulses in hole
drilling experiments show different behaviour compared to the
later ones, by high, apparent random variability on both channels.
This can be explained by surface effects and different absorption
behaviour resulting in a different response regarding mass remov-
al and intensity of the acoustic pressure wave. As in conventional
LA-ICPMS, the signal slowly decreases with progressing ablation
process. The same was observed for the acoustic signal. This is in
agreement with the expectation of the correlation between the two
measures. In general, the acoustic tracking of the pLA-sampling
allows to re-adjust the focal position of the laser on the sample, as
the higher the signal the better in focus is the laser.

2.4 Ablation of Low-absorbing Samples

With a recent modification on the pLA-system, the fluence
on the sample during ablation could be increased from ~9 J/cm?
up to 34 J/cm?2.118 This allows to access samples with a compara-
bly high ablation threshold, such as glass, minerals or porcelain.
Nevertheless, the newly reached energy density is on the limit
for steady and clean ablation, with the consequence of possibly
unsteady sampling. The samples for this study were the standard
reference material NIST SRM 610 and the iron rich mineral BCR-
2G. Investigations with single ablation events turned out to be
challenging, instead continuously possibly random ablation with
a LA frequency of 10 Hz were executed. Hole drilling experi-
ments from 20 up to 308 consecutive LA-events allowed to com-
pare the different measurement characteristics. Advantageously
with the average over a collection of many laser pulses reduced
the influence of the first few pulses.

In every experiment, the number of pulses according the
acoustic response, the sum over all maximal amplitudes per event
and the event level were compared to the sum of the ICPMS re-
sponse (see Fig. 4). A positive correlation was observed. A linear
best fit was applied with an increasing accuracy for the latter two
measures, given by an increase in R2. The lower spread in the data,
compared to the samples with a comparably low ablation thresh-
old, can be explained by the maximal reachable fluence on the
LA-site, which is close to the ablation threshold of the samples.
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Fig. 3: Results of pLA-GED-ICPMS drilling experiments (1 up to 30
events) for the brass reference material MBH B22 (Cu: 82.47 wt%, Zn:
15.92 wt%). The sum of the ICPMS-response [cps] on ¢Cu for single
pLA events on the x-axis is plotted against the measured Event Level
[dB] on the y-axis. The first three LA events in the respective drilling
experiments, given as triangular shaped data points, show deviations in
signal intensity compared to latter events, as shown in conventional LA-
ICPMS. These are therefore not taken into account for the data evalua-
tion and discussion. The data is fanning out for increasing values of both
axes. As the model calculation already showed, the trend of the data
can be explained for the acoustic signal with its fluence dependency,
mostly influenced by changes in laser energy accompanied by plasma
shielding. For conducting metal samples, which are less fluence de-
pendent for LA, an increase in crater size results in more mass removal.

The closer these values are, the smaller spread can be expected.
This is in agreement with the theoretical model calculation, as
seen in section 2.1.

The quality of the trend line allows to conclude that the
acoustic measure is a valid option to describe the mass removal
of the entity of consecutive LA pulses, for these specific samples.
Sampling by pLA includes in any case a detailed method develop-
ment whereas the sample amount is assured by several measures.
The acoustic tracking presents itself as a relatively convenient
way that can be included in the method development as being
part of the quality assurance of the entire sampling procedure. The
acquired acoustic data can be used for comparison during on-site
sampling and can serve as a calibration.

3. Conclusion

Simultaneous measurements of the acoustic responses during
pLA-sampling and the amount of mass removal by the coupling to
GED-ICPMS have been developed and studied for both metallic
and non-metallic samples. For the current instrumentation, the
occurrence of acoustic responses is consistently accompanied by
mass removal. Continuous recording allows to measure and count
the LA events on an individual level. Data treatment, including
a band-stop filter in the lower frequency range for background
noise reduction and an external calibration, allows to assign an
absolute pressure level [Pa] to every event and making a compar-
ison possible.

Model calculations show the complex nature of the relation
between the laser matter interaction, the ablation process includ-
ing mass removal and the acoustic signal of the generated shock-
wave. The intensity of the acoustic signal can be used as a relative
indicator for the laser focus position resulting in the smallest cra-
ter sizes, whereas the link to the mass is not strictly given. These
findings are supported by single pulse experiments of pure copper
and brass samples.

The presented approach provides the possibility to count every
actual laser ablation event and allows qualitative information during
(possibly unsteady) ablation in the field. Consecutive multi-pulse
experiments, including 20 up to 308 of LA-events, show a linear
response for the comparison of the acoustic signal and the mass re-
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Fig. 4. The acoustic response of multi-pulse experiments with the iron
rich mineral BCR-2G is presented: the number of counted events (top),
the sum of the maximal amplitude over all counted events (middle) and
the Event Level over the measurement session (bottom). These data
were compared to the sum over the ICPMS response (x-axis), with the
example for the main element silicon measured on 2°Si. A linear relation
was assumed and a line of best fit was included, given with the corre-
sponding R? as a measure for accuracy.

moval of samples with a comparably high ablation threshold. The
accuracy is higher for an indicator that uses the sum over the am-
plitude of the acoustic events or the event level (EL), in contrast
to simply counting the events. Furthermore, in combination with a
method development prior to the field work it allows for an educat-
ed estimation of the total mass removal. Insufficient sampling can
immediately be confirmed and, if possible, actions can be taken.
The portable laser ablation system presents itself as versatile tool
for offline sampling, and in combination with the acoustic tracking
it is even more reliable.

Acoustic tracking of the ablation event is one alternative to as-
sure material collection outside the laboratory by pLA. However,
another approach could be using the optical (or OES spectral) anal-
ysis of the LIP, as in LIBS, by implementing a light sensor or even
a small spectrometer. Nevertheless, these approaches face the same
problems as the current approach, as they are all material- and flu-
ence-dependent. Another expansion in this direction would be feasi-
ble, but would also increase the complexity of the system and could
restrict its portability.
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