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ABSTRACT

This habilitation thesis contains 12 related publications, all focused on the use of laser ablation
as a sampling method for inductively coupled plasma mass spectrometry. It presents the range
of applications for laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
technique and provides a detailed analysis of laser ablation parameters and their influence on
laser-matter interaction and subsequent aerosol formation. The quality of this aerosol is crucial
for the accuracy and precision of the analysis. Parameters such as wavelength, laser pulse
duration, fluence or choice of ablation mode are discussed. The thesis also highlights the
significance of the sample's physical, chemical, and surface properties. Additionally, it
discusses various methods for studying the processes that occur during the interaction of the
laser pulse with the sample. These methods include the study of ablation craters, the
characterization of the generated aerosol, in particular the determination of the particle size

distribution and the time-resolved signal processing of the monitored isotopes.
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1 Introduction

Inductively coupled plasma mass spectrometry (ICP-MS) is a widespread method in inorganic
analysis allowing the determination of elements in trace and ultra-trace concentrations. It is also
popular for the possibility of accurate determination of isotope ratios, which are used, for
example, in geochronology, bioarchaeology, food science, biology, ecology, etc. In a typical
arrangement, samples in liquid form are introduced into the ICP-MS spectrometer. This is
advantageous for initially liquid samples, such as water. However, for solid samples, this
necessitates a preceding digestion process, limiting the analysis to the determination of the bulk
content of analytes. Laser ablation (LA) offers an alternative sampling method, expanding the
application of ICP-MS to localised analysis of very small areas on solid samples without prior
digestion.

Sampling by laser ablation operates on the principle of laser pulse interaction with the sample
surface, removing part of the material which is then transported by carrier gas to the inductively
coupled plasma. The extent and nature of this interaction are influenced by both the conditions
of the laser ablation and the sample's properties. Numerous variables can be adjusted, including
the optimization of laser parameters, the selection of the ablation cell, the flow rate and type of

carrier gas, or the modification of the sample surface.

Understanding the process of laser-matter interaction enables control over various process
variables. These include efficient coupling of the laser beam to the sample, reproducible
ablation, control of the volume of material removed, minimization of preferential ablation,
achievement of stoichiometric ablation, and control over the size distribution of laser-generated
particles. Gaining an overview of the complexity of laser ablation process is extremely
beneficial for optimizing the sampling conditions and the processing of the measured data,

opening the way to obtain accurate and precise results using the LA-ICP-MS technique.

1.1 Structure of the thesis

This habilitation thesis is a collection of 12 papers that deal with the fundamental study of the
laser beam interaction with the surface of a solid sample, and its consequences for the formation
of an aerosol suitable for dosing into ICP-MS. The papers have been produced continuously
throughout my scientific career, reflecting my enduring interest in this area. It aims to
consolidate essential knowledge about laser ablation sampling and its various applications,
while also investigating the parameters that influence the ablation process. Seemingly minor
insights can contribute significantly to our understanding of the physical and chemical

processes involved in using a laser as a sampling tool for mass spectrometry.



The initial sections of this work provide a comprehensive overview of laser ablation sampling,
detailing its fundamental principles and potential applications '*. The core of this thesis is
devoted to examining specific aspects that influence the ablation process, including the laser

8-11 and

wavelength #, pulse duration *, pulse energy > ¢, ablation mode 7, as well as the matrix
surface properties of the sample > 12, To facilitate understanding of these core topics, the thesis
also includes a summary of techniques used to diagnose the interaction processes between laser

5-11

radiation and the sample. This involves detailed characterization of ablation craters >, analysis

of the aerosol generated by laser ablation *'2, and the processing of LA-ICP-MS signals '
12

This habilitation thesis not only collects a range of research findings but also places them in a
wider scientific context, including references to the work of other research groups dealing with
similar research topics. The primary focus of this work is on nanosecond laser ablation, in
accordance with the capabilities of our laboratory, thus representing a specific subsection of the
extensive domain of LA-ICP-MS.

For clarity and easy orientation in cited works, my contributions selected for the habilitation
thesis are listed as the first 12 publications and are highlighted in blue and bold within the text.

1.2 Summary of publications used in the thesis

So far, I have published 47 papers (according to the WOS database), 42 of which are in peer-
reviewed journals and 5 in conference proceedings. Among these 42 publications, [ am the main
or corresponding author for 15 of them. Due to the focus of my habilitation thesis, I have
selected 12 publications and provide an overview that summarizes my contributions to them.
This summary pays particular attention to aspects such as experimental work, student

supervision, manuscript preparation, and research direction.

1. Wertich, V.*, Kubes, M., Leichmann, J., Hola, M., Haifler, J., Mozola, J., HrSelova, P., Jaros,
M., Trace element signatures of uraninite controlled by fluid-rock interactions: A case study

from the Eastern Moldanubicum (Bohemian Massif), Journal of Geochemical Exploration.
2022, 243, 107111. DOI 10.1016/j.gexplo.2022.107111 (IF 3.9)

Contribution: Experimental work, evaluation of data, participation in manuscript writing
(Experimental work 30 %, Supervision 10 %, Manuscript 20 %, Research direction 20 %)

2. Hola, M., Kalvoda, J.*, Novakova, H., Skoda, R., Kanicky, Possibilities of LA-ICP-MS
technique for the spatial elemental analysis of the recent fish scales: Line scan vs. depth
profiling,  Applied Surface Science. 2011, 257(6), 1932-1940. DOI
10.1016/j.apsusc.2010.09.029 (IF 6.7)

Contribution: Design of experiments, experimental work, evaluation of data, participation in manuscript writing
(Experimental work 50 %, Supervision 60 %, Manuscript 40 %, Research direction 30 %)



3. Hola, M., Novotny, K.*, Dobes, J., Krempl, I., Wertich, V., Mozola, J., Kubes, M., Faltusova,
V., Leichmann, J., Kanicky, Dual imaging of uranium ore by Laser Ablation Inductively
Coupled Plasma Mass Spectrometry and Laser Induced Breakdown Spectroscopy, Spectrochim.
Acta B. 2021, 186, 106312. DOI 10.1016/j.sab.2021.106312 (IF 3.3)

Contribution: Design of experiments, experimental work, evaluation of data, participation in manuscript writing
(Experimental work 30 %, Supervision 50 %, Manuscript 30 %, Research direction 50 %)

4. Mozna, V., Pisonero, J.*, Hola, M., Kanicky, V., Glinther, D., Quantitative analysis of Fe-
based samples using ultraviolet nanosecond and femtosecond laser ablation-ICP-MS, J. 4Anal.
At. Spectrom. 2006, 21(11), 1194-1201. DOI 10.1039/b606988f (IF 3.4)

Contribution: Supervision, consultation, participation in manuscript writing

(Experimental work -, Supervision 30 %, Manuscript 15 %, Research direction 20 %)

5. Hola, M., Salajkova, Z., Hrdlicka, A., Potizka, P., Novotny, K., Celko, L., gperka, P,
Prochazka, D., Novotny, J., Modlitbova, P., Kanicky, Kaiser, J., Feasibility of Nanoparticle-
Enhanced Laser Ablation Inductively Coupled Plasma Mass Spectrometry. Anal. Chem. 2018,
90(20), 11820-11826. DOI 10.1021/acs.analchem.8b01197 (IF 7.4)

Contribution: Design of experiments, experimental work, evaluation of data, manuscript writing
(Experimental work 50 %, Supervision 60 %, Manuscript 80 %, Research direction 70 %)

6. Salajkova, Z.*, Hola, M., Prochazka, D., Ondracek, J., Pavlindk, D., Celko, L., Gregar, F.,
Sperka, P., Potizka, P., Kanicky, De Giacomo, A., Kaiser, J., Influence of sample surface
topography on laser ablation process, Talanta. 2021, 222, 121512. DOI
10.1016/j.talanta.2020.121512 (IF 6.1)

Contribution: Design of experiments, experimental work, evaluation of data, manuscript writing
(Experimental work 40 %, Supervision 60 %, Manuscript 80 %, Research direction 80 %)

7. Novakova, H., Hola, M.*, VojtiSek-Lom, M., Ondracek, J., Kanicky, V., Online monitoring
of nanoparticles formed during nanosecond laser ablation, Spectrochim. Acta B. 2016, 125, 52—
60. DOI 10.1016/j.sab.2016.09.017 (IF 3.3)

Contribution: Design of experiments, experimental work, evaluation of data, manuscript writing
(Experimental work 50 %, Supervision 80 %, Manuscript 70 %, Research direction 90 %)

8. Hola, M.*, Ondracek, J., Novakova, H., VojtiSek-Lom, M., Hadravova, R., Kanicky, V., The
influence of material properties on highly time resolved particle formation for nanosecond laser
ablation, Spectrochim. Acta B. 2018, 148, 193-204, DOI 10.1016/j.sab.2018.07.001 (IF 3.3)

Contribution: Design of experiments, experimental work, evaluation of data, manuscript writing
(Experimental work 60 %, Supervision 80 %, Manuscript 80 %, Research direction 90 %)



9. Hola, M.*, Konecn4, V., Mikuska, P., Kaiser, J., Kanicky, V., Influence of physical properties
and chemical composition of sample on formation of aerosol particles generated by nanosecond
laser ablation at 213 nm, Spectrochim. Acta B. 2010, 65(1), 51-60. DOI
10.1016/j.5sab.2009.11.003 (IF 3.3)

Contribution: Design of experiments, experimental work, evaluation of data, manuscript writing
(Experimental work 60 %, Supervision 80 %, Manuscript 80 %, Research direction 90 %)

10. Hola, M.*, Kone¢na, V., Mikuska, P., Kaiser, J.*, Palenikova, K., Prisa, S., Hanzlikova, R.,
Kanicky, V., Study of aerosols generated by 213 nm laser ablation of cobalt-cemented hard
metals, J. Anal. At. Spectrom. 2008, 23(10), 1341-1349. DOI 10.1039/B802906G (IF 3.4)

Contribution: Design of experiments, experimental work, evaluation of data, manuscript writing
(Experimental work 60 %, Supervision 80 %, Manuscript 80 %, Research direction 90 %)

11. Hola, M.*, Mikuska, P., Hanzlikova, R., Kaiser, J., Kanicky, V., Tungsten carbide
precursors as an example for influence of a binder on the particle formation in the nanosecond
laser ablation of powdered materials, Talanta. 2010, 80(5), 1862-1867. DOI
10.1016/j.talanta.2009.10.035 (IF 6.1)

Contribution: Design of experiments, experimental work, evaluation of data, manuscript writing
(Experimental work 70 %, Supervision 80 %, Manuscript 80 %, Research direction 80 %)

12. Hola, M., Salajkova, Z., Hrdlicka, A.*, M., Ondracek, J., Novotny, K., Pavlinak, D.,
Vojtisek-Lom, M., Celko, L., Potizka, P., Kanicky, V., Prochazka, D., Novotny, J., Kaiser, J.,
The effect of nanoparticle presence on aerosol formation during nanoparticle-enhanced laser
ablation inductively coupled plasma mass spectrometry, J. Anal. At. Spectrom. 2020, 35(12),
2893-2900. DOI 10.1039/d0ja00324g (1IF 3.4)

Contribution: Design of experiments, experimental work, evaluation of data, manuscript writing
(Experimental work 50 %, Supervision 50 %, Manuscript 80 %, Research direction 90 %)



2 Laser ablation

2.1 Asampling tool for ICP-MS

Laser ablation, as an alternative sampling technique for Inductively Coupled Plasma Mass
Spectrometry, finds applications across a wide range of scientific fields. Its basic principle
involves irradiating the sample with a laser to induce an ablation process, resulting in the
removal of a small amount of material. This ablated material is then transported to the
inductively coupled plasma (ICP), where it is vaporized, atomized, and ionized. The resulting
ions are subsequently analysed and detected in a mass spectrometer and signal of individual
isotopes is recorded !> !4, Different approaches to sample analysis can be taken depending on
the specific analytical requirements. According to the Web of Science database, most
applications are related to the geological sciences, with 12,500 out of a total of 17,000 articles
pertaining to the geological applications of LA-ICP-MS.

One such approach is spot ablation, where the pulsed laser repeatedly removes material from a
single spot. It's essential to monitor data consistency of the time-resolved LA-ICP-MS signal:
any sharp drop or rise in the value of the observed isotope may indicate the presence of an
impurity or inhomogeneity, potentially biasing the results. Figure 1 presents an example of a
time-resolved signal for isotopes measured in an uraninite mineral sample, achieved using
a nanosecond (ns) laser with a wavelength of 213 nm, a beam diameter of 50 um, a fluence of
9 J cm™, and a laser repetition rate of 10 Hz. The data in Figure 1a indicate minimal risk of
contamination at the ablation site from fluid or mineral inclusions hidden beneath the surface.
Conversely, isotopic records in Figure 1b that varies from the described correct isotopic
recordings hint at the presence of a mineral or fluid inclusion. Such inclusions would
significantly alter the geochemical composition of the measured uraninite, and therefore, the
data must be excluded from the overall recorded data set '.
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Fig. 1. a) LA-ICP-MS spot analysis record of uraninite displaying the correct shape; and b) record of
uraninite spot analysis contaminated by chalcopyrite mineral inclusions hidden beneath the surface .
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As can be seen from the description of spot ablation, the laser beam gradually penetrates the
depth of the analysed sample. This can be advantageously used for monitoring changes in the

sample's composition at various depths — termed depth profiling.

Depth profiling is another technique employed in LA-ICP-MS. This method also involves
applying laser pulses to a single spot, but instead of targeting just one layer, it monitors the
evolution of the sample's

composition over time,

revealing compositional | LA-ICP-MS line scan 1,2,3 ] : EM? scan.
changes at various depths. ol Dt

) . A P LAICP-MS
By knowing the ablation rate I ; W UHEET 98- depth

(the amount of material ' S b A profiling
removed per pulse), the : )
thickness of individual
layers can be defined '°. For
instance, in metallurgical
applications, depth profiling
can accurately determine the

thickness and composition

of layers down to

nanometres, particularly Fig. 2. Dorsal view of the fish scale of the common carp with
when using a femtosecond marked posterior and anterior part. The anterior part, divided in
the anterior and lateral fields, is covered by other fish scales while
the posterior field is in contact with water; Marked trajectories for
LA-ICP-MS and EMP analysis 2.

laser '°. In natural samples,
such as bones and teeth,
depth profiling can provide
insights into an organism's evolution or exposure to various factors. An example is the study of
otoliths, where depth profiling is a microchemical technique revealing life history patterns in
fish 7. Fish scales, as another bony structure, can be similarly analysed, although their complex
structure makes this less common. Nevertheless, scale analysis offers a non-lethal approach that
is valuable for studying water contamination and migration patterns throughout the life of fish.
Figure 2 shows a dorsal view of the scale structure and the location of the performed LA-ICP-
MS analyses 2. Depth profiling results of the anterior part scales from common carp (Cyprinus
carpio) show a concentration gradient of selected elements throughout the scale's thickness,
with a clear distinction between the external hydroxyapatite layer and the basal collagen plate
(Figure 3a — 3c¢). It was also discovered that the scale surface can accumulate heavy metals,
effectively preventing their penetration into the deeper structure (Figure 3¢ - 3d) %. Generally,
the LA-ICP-MS method ranks among the depth profiling techniques, which have the advantage

of simple sample preparation (similar to the technique of Glow discharge spectrometry '*). In
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contrast, commonly used microscopic methods require a cross-section to be made first, which

can be technically and time-consuming.
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Fig. 3. LA-ICP-MS depth profiling on the posterior part of the fish scale (common carp) for following
pairs of isotopes: a) **Ca and 2C; b) 3!P and 2°Mg; c) #Sr and ®¢Zn; d) 2°Pb and >Fe. Laser wavelength
of 213 nm, 100 um spot size, repetition rate of 4 Hz, fluence of 3.5 J cm™2,

The application of a specific number of pulses to one spot allows for the determination of either
the average composition of a sample or its depth profile. An alternative approach involves
performing a linear scan across a selected part of the sample. This technique serves various
purposes: it can determine the average composition of a larger sample area, such as a specific
zone '°, or it can be employed to identify variations in element distribution across different
zones. This is particularly beneficial for tasks like determining mineral zonation 2°, assessing
element concentrations in growth lines (such as tree rings 2!, otoliths 22, urinary stones 23, etc.),
detecting impurities or heterogeneities in industrial products ?* 23, defining archaeological
artefacts 2° or other analyses. The parameters defining a linear scan are similar to those for spot
ablation: spot size, number of pulses, repetitionrate and fluence. A key additional parameter is
the scan speed. This speed, combined with the other parameters, dictates the degree of pulse

overlap, spatial resolution, and the overall duration of the analysis.

The use of line scans in LA-ICP-MS provides valuable insights, again, with fish scale analysis

2

serving as a pertinent example °. Performing a line scan across the entire fish scale,

perpendicular to the growth rings as illustrated in Figure 2, enables analysis of both the anterior

12
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part, which is covered by other scales, and the posterior part, which is in direct contact with the
water. This type of analysis, as detailed in Table 1, reveals a distinct distribution of elements in

the two regions.

Specifically, certain trace metals like Zn and Mn, as well as matrix elements such as Ca and P,
and predominant cation substituents like Mg and Sr, were found to be more concentrated in the
posterior part. This discrepancy is largely attributed to the higher prevalence of the mineral
phase in the posterior region, which facilitates increased substitution and vacancy filling.
Additionally, certain trace metal elements, namely Fe and Pb, exhibited symmetrical
distributions with elevated levels near the scale's periphery. Such patterns likely reflect

variations in diet or environmental pollution exposures over time.

Table 1 LA-ICP-MS line scan analysis of fish scale; average values for each region 2.

Isotope Concentration [p.gg"]

Line scan 1 Line scan 2 Line scan 3

Whole scale Anterior part Posterior part Whole scale Anterior part Posterior part Whole scale Anterior part Posterior part
Mg 5160 4410 6440 5170 4560 6160 5460 4780 6550
sp 136,000 131,000 145,000 142,000 137,000 150,000 138,000 134,000 145,000
42Ca 244,000 234,000 259,000 243,000 233,000 259,000 244,000 234,000 260,000
S5Mn 339 284 434 345 28.7 44.0 34.2 28.1 4432
S6Fe 10.1 7.82 14.0 8.65 6.45 12.2 4.67 491 4.27
S67n 564 412 827 630 467 392 539 398 770
s65r 276 249 323 283 262 316 294 271 33
208 ph 0.565 0.563 0.566 0.577 0.606 0.530 0.675 0.677 0.670

The application of multiple line scans covering selected area of a sample is used for the imaging
method. In this approach, a specified area on the sample surface is scanned using parallel lines,
where the combination of spot size, line spacing, scan speed, and repetition rate defines the
spatial resolution of the resulting elemental/isotopic maps and the time of analysis. However,
producing a high-quality image is not without challenges. Common artifacts like blur, smear,
aliasing, and noise can compromise the integrity of the image. Various studies and techniques
have been developed to reduce or eliminate these undesired effects, ensuring clearer and more

accurate visual representations of elemental distributions 7.

Detailed imaging with LA-ICP-MS is very popular for biological applications 2% 2°,

30,31 3,35 and

characterization of steels or alloys 32, archaeology *3, geological applications
others. An example is the analysis in the uraninite mineral zone *. A specific area of 2 x 3 mm
was methodically analysed using a 213 nm laser. For the line scans, parameters suchas a 20 pm
spot diameter, a scan speed of 20 pm s™', a 10 Hz repetitionrate, and a fluence of 10 J cm™ were
chosen, achieving a spatial resolution of 20 um. The scanrate of 20 um s™! was purposely chosen
to match the dwell time (1 s) to the time required to traverse the diameter of the ablation crater

(20 um), effectively preventing any smearing of the LA-Q-ICP-MS signal along the x-axis.

The visualization of individual isotopes offers invaluable insights, particularly evident when
examining lead isotopes. Lead presents an interesting isotopic spectrum, with non-radiogenic

204pp coexisting with radiogenic isotopes of 2°Pb and 2°"Pb, which originate from the decay of
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238U and #3°U respectively. Additionally, 2°®Pb is a product of 2*?Th's radiogenic decay. Non-
radiogenic lead 2°*Pb is not related exclusively to the structure of uraninite but also forms
isolated clusters, likely as compounds with sulphur or selenium, while radiogenic isotopes of
lead also copy their parent nuclides. Therefore, the most abundant and homogeneous is
represented by the isotope 2°°Pb as the decay product of the isotope 2**U (relative abundance of
99.274%), which is the main component of uraninite. The heterogenous distribution of 2°’Pb
and even more apparently 2°8Pb within uraninite aggregates, considered to have originated in
one-time period, is worth mentioning due to usage of lead isotope ratios for radiometric dating.
In this context, intra-grain scale isotopic variations within fresh uraninite aggregates, showing

no visible effect of post-crystallization alteration. All isotopic maps are presented in Figure 4.

Fig. 4. Photography of analysed sample area (1) and distribution of selected isotopes in uraninite
obtained by LA-ICP-MS. Normalised intensities in cps, blue colour as minimum, red as maximum 3.
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2.2 If laser ablation were the ideal sampling method...

Laser ablation, as an alternative sampling technique for ICP-MS, offers numerous benefits over
the conventional nebulization of liquid samples. This technique provides many significant
advantages, making it an ideal tool for accurate and efficient material analysis. The most notable
advantage is the minimization of sample preparation requirements. Because laser ablation
allows for direct sampling of solid samples into ICP-MS, the need to convert samples into
solution is eliminated. This significantly saves time, as complex preparation processes are
replaced by almost instantaneous analysis. Furthermore, it eliminates the need for chemicals,
making the process more efficient while reducing the risk of contamination or sample loss
during preparation. Moreover, the focused laser beam permits highly localised and spatially
resolved analyses, enabling detailed examination of sample heterogeneity on a microscopic
scale. Additionally, the combination of laser ablation and ICP-MS is conservative in terms of
sample usage, consuming only a minimal quantity of material. This aspect is crucial when
dealing with rare or limited samples. In an ideal scenario, the material released by laser pulses

accurately reflects the composition of the original sample.

In summary, under ideal conditions, laser ablation serves as a unique, rapid, efficient, and highly
accurate method for analysing a wide range of materials for scientific and industrial purposes.
However, achieving these ideal conditions is not straightforward, and LA-ICP-MS analysis is

usually complicated by factors such as fractionation or matrix effects.

2.3 Fractionation

In fact, the laser-matter interaction is a complex process depending on both the laser ablation
conditions (pulse duration, wavelength, repetition rate, pulse energy, spot size) and the sample's
physical and chemical properties *% % !1.36.37 Generally, the laser beam can interact with the
material in two basic ways — thermal (photothermal) and non-thermal (photochemical) 3%:3°.
For longer pulses (nanosecond ablation), heat conduction, melting, evaporation, and plasma
formation are the dominant processes. The energy of the laser is absorbed by the sample surface
and forms a temperature field due to the heat conduction. Depending on the achieved
temperature, the material melts, evaporates, or is transferred to a plasma state. Laser ablation
parameters, especially pulse duration and pulse energy, affect the proportionality of evaporation
and sputtering of the melt as the main processes of nanosecond laser ablation %°. The physical
and chemical properties of the sample can significantly influence the laser energy absorption
(absorption coefficient for the specific wavelength), the heat transfer (thermal conductivity) *
%.41,42 and degree of plasma shielding (attenuation of the incoming laser radiation by plasma).
On the other hand, the sample heating by the laser irradiation significantly modifies the optical
and thermo-physical properties, such as surface reflectivity, electrical and thermal conductivity,
surface tension, and latent heat of vaporization **. Thermal and non-thermal processes create
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particles of the sampled aerosol by different principles; therefore, their size distribution and
composition differ (a more detailed description of the mechanism of particle formation is
described in Chapter 3.5). The particle size is important due to the transportation efficiency and
its impact on vaporization, atomization, and ionization efficiency within the ICP. This insight

is key to understanding possible non-stoichiometric sampling, so-called fractionation.

In the context of argon ICP, which operates as an atmospheric pressure ion source, the process
of laser ablation sampling is likewise conducted in an environment of atmospheric pressure of
an ambient gas. In such a setting, the formation of the plasma generated by the laser at the site
of ablation is confined to a small volume, typically just a few cubic millimetres. Subsequent
expansion leads to material redeposition onto the sample substrate post the laser pulse.
Additionally, factors such as transport losses and the condensation of the plasma plume on the
ablation cell sidewalls or on sputtered particles can lead to a reduction in the efficiency of
ablation. These aspects can potentially alter the yield of the ablation process and affect the

accuracy of the elemental concentrations measured.

LA-ICP-MS is a time-resolved method that provides a transient signal corresponding to the
ablation conditions in terms of time. For spot ablation, it depends on the number of pulses
applied, i.e., the first pulse on an intact sample surface will not provide the same analytical
signal as a pulse generated after many repetitions. Here, thermal effects, melting of a thin layer
of'the sample, which can be gradually depleted of more volatile components, and deepening of
the crater (higher aspect ratio) play a role. Fractionation during analysis can be quantified using
the Fractionation Index (FI). The FI is given by the intensity of any element rationed to an
“internal standard” from the second half of the signal, divided by its intensity ratio during the
first half of the signal **. An example of FI calculations for 43 elements contained in the glass
standard SRM NIST610 for different laser wavelengths is shown in Chapter 3.1 in Figure 9 4.

2.4 How to diagnose the laser-sample interaction?

To obtain high quality analytical results by LA-ICP-MS, it is very important to ensure controlled
sampling by laser ablation into the ICP mass spectrometer. Because the laser beam is focused
on a very small area (tens to thousands of square um), and the sample is placed in a closed
chamber, monitoring the quality of laser ablation using conventional laser system equipment is
very difficult. A microscope camera, which is part of the ablation system, is used for the basic
assessment of the ablation process. This can detect undesirable phenomena such as breakage,
cracking or crumbling of the sample, or, conversely, resistance to the laser beam used. For a

detailed diagnosis of the sampling process, other procedures must be used typically based on:
- Characterization of the ablation crater
- Characterization of the generated aerosol
- Processing of the time-resolved ICP-MS signal
16



2.4.1 Characterization of the ablation crater

The depth, shape, structure, and chemical composition of an ablation crater are key indicators
of the laser-matter interaction. Analysing these parameters can precisely define the processes
involved and serve as a benchmark for 'correct' sampling with laser pulses. However, the
disadvantage of using craters to diagnose ablation processes is that they are assessed offline
after the analysis, usually once the sample has been removed from the ablation chamber.
Consequently, any adjustments to conditions for improved sampling are implemented only after

an analysis has 'failed'.

A more stable analytical signal is produced with smaller values of the crater aspect ratio
(depth/diameter), ideally less than 1. At higher values (>5), there is ineffective removal of
material from the crater's base, resulting in a sharp decline in the time signal *°. Factors such as
the number of pulses and fluence used can influence the resultant crater depth, which also varies
depending on the sample material. Insights into the behaviour of the ablation process can be
gleaned from the shape, structure, and volume of the ablation crater. This allows for estimations
of the ablation rate, the degree of sample melting, or the extent of reverse condensation of
evaporated material. The amount of material released during laser ablation can be specified
from the ablation crater volume, relative to the amount of material remaining around the crater

as a rim.

For basic diagnostics, ablation craters are typically first visualised using an optical or scanning
electron microscope (SEM). The microscope images enable the detection of undesired effects
such as cracking or large fragments being dislodged from the sample and allow for an
estimation of the melting extent around the crater area. The next stage involves determining the
precise shape and volume of the ablation crater, usually using profilometric methods, either
based on the mechanical principle or more often on the optical basis. Consider Figure 5, where
laser ablation was executed using a ns laser at 213 nm under the following conditions: a laser
spot diameter of 100 um, a fluence of 13 J cm 2 and a repetition rate of 10 Hz °. Figure 5
illustrates the ablation craters on different materials after 600 pulses. From the SEM images
(Figure 5A1, B1, C1), itis possible to see the degree of melting of the materials. This is evident
especially for steel sample (Figure A1) both from the structure of the ablation crater rim and
from the presence of large, deposited particles that arise directly from the melt of the sample
and are indicative of thermal effects. The optical profilometer provides a 3D model of the
craters (Figure 5A2, B2, C2) that shows the height of the rim, the character of the crater bottom,
and calculates the total volume. The most illustrative view may be a representative cross-section
through the crater, where a degree of thermal effects and presumably fractionation effects in
LA-ICP-MS analysis can be diagnosed from the elevated crater rim or the molten crater bottom
(Figure 5A3, B3, C3)°.
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Fig. 5. SEM (1) and optical micrograph (2) of the ablation craters together with a representative cross-
section (3) on steel sample (A), tungsten carbide (B) and glass (C) using 213 nm laser ablation °.

Each material exhibits unique behaviour when sampled using a laser. While its inherent
properties remain constant, the variable parameters of laser ablation can be adjusted. These
include the size of the ablation crater, the ablation mode, fluence, repetition rate, and the number
of applied pulses. In the process of optimizing the LA-ICP-MS method, characterising the
ablation crater is a crucial step in identifying the most suitable sampling conditions. The ideal
outcome is to achieve a symmetrical ablation crater, cylindrical in shape with a flat bottom,
showing no signs of melting, crumbling, or other forms of damage. Under such conditions, an
aerosol suitable for analysis by ICP-MS can be produced.
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2.4.2 Characterization of the generated aerosol

The quality of generated aerosol is crucial for conducting correct and accurate analyses in LA-
ICP-MS. The purpose of laser ablation is to generate particles that match the composition of
the sample and are of a size that can be efficiently transported and vaporized in the ICP.
Knowledge of particle sizes and their number distribution in laser-generated aerosols is required
for a better understanding of non-stoichiometric effects observed with LA-ICP-MS. These
effects are commonly encompassed under the term 'fractionation’, which is influenced by a
variety of factors ranging from the conditions of laser ablation to the effects in the ICP.
However, the initial step towards understanding these complex processes is to gather
information about the properties of particles generated under specific LA conditions.
Subsequently, one can examine changes induced by transport or ICP effects. Since aerosol study
is only feasible after particles have exited the ablation cell, the influence of particle transport is
invariably included. Nonetheless, theoretical models of particle formation can be developed

based on recognized patterns 3.

K View fiald: 4.68 pm i I MAIAY TESCAN
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Fig. 6. Visualization of collected LA particles of a) steel sample by SEM; b) glass SRM NIST610 by TEM.

Laser-generated aerosol can be studied via different offline or online techniques. Offline
methods involve collecting particles on special filters, grids, or discs for subsequent analysis.
The efficiency of sample collection can be enhanced using an electrostatic sampler *’, or by
segregating and depositing particles on substrates according to their aerodynamic diameter,
such as with a cascade impactor *% %°, These offline methods not only allow for visual
determination of particle shapes and size via various microscopic methods such as Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Electron Probe Micro

Analysis (EPMA) but also enable the study of particle composition through subsequent
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chemical analysis (ICP-MS, Particle-induced X-ray Emission (PIXE), etc.) of collected
material > 1% 47-48.50.51 "The particles visualised on the filter and on the grid are shown in

Figure 6a and Figure 6b, respectively.

The stoichiometry of the ablation can be checked by bulk analyses of all particles using a
dissolution method. Furthermore, Energy Dispersive X-ray spectroscopy (EDX) enables the
acquisition of the composition analysis of specific particles on the filter, which is invaluable for
elucidating fractionation processes '!-47-31-53 However, a major limitation of offline methods
is the inability to monitor the evolution of particle formation over time; all samples represent

the mass accumulated over the entire sampling period.

To characterise particles generated by laser ablation, aerosol spectrometers operating online are
also utilised. These devices help mitigate alterations in the aerosol structure that might occur
with offline methods, such as filter sampling. Some systems even enable simultaneous
measurement of particle size distribution (PSD) and ICP-MS signal at a high time resolution ®.
An example of such an arrangement is presented in Figure 7. The selection of an aerosol
spectrometer typically depends on the size range of the particles being measured. Nevertheless,
it is crucial to consider the detection principle of the spectrometer to prevent misinterpretation

of results, especially for non-spherical clusters #°.
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Fig. 7. Schematics of measurement set-up for laser ablation system coupled with ICP-MS and aerosol
spectrometers, Engine Exhaust Particle Sizer (EEPS), Aerodynamic particle sizer (APS) and Optical
Particle Sizer (OPS) 8.

Various techniques are available for analysing the physical properties of aerosol particles

produced during laser ablation. These include electrostatic classifiers with particle detectors
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(such as condensation particle counters or electrometers), photometric devices, and cascade
impactors for offline analysis. Each instrument offers unique advantages and has certain
limitations. For instance, the Scanning Mobility Particle Sizer (SMPS) provides excellent
particle sizing resolution but has limitations in time resolution °* 35, Fast Mobility Particle
Sizers (FMPS or EEPS) deliver high time resolution but have fewer particle size bins and
require calibration due to the initial unipolar electrical charging of particles °. Photometric
devices are user-friendly but heavily rely on the optical properties of the sampled aerosol 7.
Cascade impactors, regarded as a standard for gravimetric analysis, provide limited size

resolution and only offer integral values over time (offline analysis) 5.

Different techniques based on various physical principles are used to detect particle
concentration, such as Condensation Particle Counters (CPC), Optical Particle Sizers (OPS),
Optical Particle Counters (OPC), and electrometers. Particle sizing primarily employs two main
principles: mobility in an electrostatic field (Differential Mobility Analyzer (DMA)) °* 35 and
aerodynamic behaviour in accelerated flow (Aerodynamic Particle Sizer (APS)). By integrating
particle counters and sizers, a comprehensive aerosol spectrometer can be assembled. The
SMPS system is commonly used for submicrometric particle diameters (nanometres to 1 pm)
39.60 while APS systems measure particles in the 0.5-20 um range. For processes with rapid
changes in particle concentration, the Fast Mobility Particle Sizer (FMPS) combines principles

of electrostatic field mobility with concentration detection via electrometers 7% 6!,

It is essential to note that different methods for PSD estimation provide complementary data by
measuring distinct physical characteristics of particles. For instance, comparing offline
impactor techniques with DMA (SMPS) and OPC can reveal different interpretations of
agglomerated nanoparticles in laser-generated aerosol. DMA measures physical diameters
based on mobility in an electrostatic field and may overestimate the volume-equivalent diameter
for porous particles, impacting accurate mass determination. In contrast, OPC assesses particle
diameters based on optical equivalent diameter, significantly influenced by the particles' optical
properties °7. If the optical properties of the measured material differ from the calibration
standard (typically polystyrene latex spheres), the results can vary significantly, often
underestimating the real particle sizes *°. Therefore, when using any aerosol instrument, the
user must be aware of the measurement method employed and consider its advantages and

limitations in interpreting the data.

It should also be noted that planning and conducting experiments to measure the size
distribution and concentration of laser-generated particles pose significant challenges. This is
particularly because the aerosol devices employed are primarily designed for measuring
aerosols in air. As a result, the flow rates of the sampled gas, along with the concentration and
characteristics of the particles, differ considerably when these devices are adapted for use in

laser ablation. These differences necessitate careful consideration and adaptation of
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experimental protocols to ensure accurate measurements in the context of laser-generated
aerosols. An illustration of the plan and implementation of such an experiment, highlighting

these specific challenges and adaptations, is demonstrated in Figure 8.

Fig. 8. From experimental planning to implementation - measurement of aerosol properties in the
Laboratory of Atomic Spectrochemistry.

2.4.3 Processing of the time-resolved ICP-MS signal

The characteristic of the time-resolved signal of the measured isotope not only mirrors the
original composition of the sample but also reflects the effects and changes that occur
throughout the LA-ICP-MS measurement process. This includes the interaction of the laser with
the sample, the formation of solid particles, their transport, subsequent vaporization, and
ionization, as well as the behaviour of these ions in the mass analyser and their detection.
Consequently, careful processing of the measured data is crucial for achieving high-quality

analytical results.

A detailed analysis of the analytical signal can, for instance, identify the degree of fractionation,
as discussed in Chapter 2.3. This fractionation can then be compensated for using specialised
evaluation software designed for LA-ICP-MS analyses 2. The nature of the signal varies
depending on the analytical requirements and, therefore, the established conditions. As a result,
there will be differences in output between bulk analysis and spatially resolved analysis as
already presented in Chapter 2.1. Signal progression also reveal undesirable sample
inhomogeneities, which must be excluded from the results, as illustrated in Figure 1b.
Furthermore, signal instability, indicative of changes in conditions during the analysis, should

be corrected using a normalization method (internal standard, sum normalization...) 3.

Currently, data processing in LA-ICP-MS is facilitated by specialised software tailored to
specific applications in this field. This includes both commercial software options, such as lolite
(Elemental Scientific) ® or HDIP (Teledyne Photon Machines), and software initially
developed for internal use in laboratories which has subsequently been made available to the

public such as Ilaps designed in our laboratory % or LAtools .
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3 Parameters affecting the laser ablation process

The laser-matter interaction is a complex process influenced by both the laser ablation
conditions and the physical and chemical properties of the sample. Some laser parameters are
dictated by the construction of the ablation system used (wavelength, pulse duration) and so
their variability becomes strongly dependent on the available experimental setup ¢’. While the
properties of samples are often challenging to alter, in some instances, modifications are
possible, such as surface treatment or the addition of a binder to powder samples. Numerous
studies have explored a variety of laser ablation conditions and their combinations, contributing
significantly to the understanding and definition of the very complex processes that occur
during laser ablation sampling. Parameters that most affect ablation process are discussed in the
following chapters.

3.1 Laser wavelength

It is generally accepted that shorter wavelengths are more suitable for LA-ICP-MS '3 due to
higher photon energies, which are efficient at breaking bonds and ionizing the solid sample.
The use of shorter wavelengths typically results in higher ablation rates and reduced
fractionation ®%. This effect is particularly noticeable when ablating minerals or transparent
glasses, where the better absorption of shorter UV radiation compared to longer wavelengths is
significant. With shorter wavelengths, lateral resolution can be improved, detection limits can

be lowered, and the application of LA can be expanded to different types of minerals °.

Comparing different laser wavelengths usually entails using distinct ablation systems, meaning
that factors other than just the wavelength must be considered. These include variations in pulse
duration, fluence, beam profile, laser light polarization, and the volume and shape of the
ablation chamber. To isolate the influence of wavelength on the LA process, one approach is to
use a single solid-state laser source (like a 1064 nm Nd:YAG laser) and generate higher
harmonics (532 nm, 266 nm, 213 nm, 193 nm), keeping all other laser parameters constant.
Studies focusing on the effect of wavelength on LA-ICP-MS attribute the reduction in
fractionation effects with shorter wavelengths to the PSD. When applied to glass reference
materials, a higher fraction of smaller particles in the aerosol was generated by exposure to
shorter laser wavelengths. Since the incomplete vaporization of large particles in ICP is a
primary source of elemental fractionation ’°, the absence or reduced presence of particles larger
than 200 nm when using 193 nm laser is reflected in more stable transient signals and smaller

variations in intensity ratios, indicating reduced time-dependent elemental fractionation *.

Many studies investigating the impact of laser wavelength have used NIST 61X series glass
reference materials as samples, where the material’s transparency is a significant factor. Even
within the UV region, reducing the wavelength is crucial for the ICP response and time-
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dependent fractionation. This is evident from Figure 9 which compares the fractionation index
(see definition in Chapter 2.3) for 43 elements with respectto **Ca during the ablation of NIST
610 at wavelengths of 266 nm, 213 nm, and 193 nm. The FI was calculated from the intensity
ratios of the second 30 s and first 30 s of one-minute ablation with a repetition of 4 Hz. A

fractionation index of one indicates no time-dependent fractionation.
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Fig. 9. Fractionation index for 43 elements with respect to #’Ca for the ablation of NIST 610. Error bars
represent the standard deviation (1) from 5 measurements for each wavelength .

The applicability of these findings to other types of samples, beyond glass reference materials,
has been verified, for example, with metallic, Fe-based materials *. Using a 193 nm excimer
laser has been shown to significantly reduce the formation of particles larger than 150 nm,
which are commonly present up to 350 nm when using a 266 nm Nd: YAG laser (as measured

by OPS in the 65 nm - 1 pm range). Figure 10 illustrates the PSD for both types of lasers.
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Fig. 10. Normalised particle size distribution of the generated aerosol measured during LA of Fe-based
samples: a) 193 nm UV-ns-(ArF*); b) 266 hm UV-ns-(Nd:YAG) “.
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3.2 Laser pulse duration

The pulse duration is a parameter that significantly affects the ablation process. However, it is
an immutable characteristic, determined by the design of the laser system. Hence, this parameter
is essentially predetermined at the time of selecting or purchasing a laser setup for LA-ICP-MS.
Lasers are generally classified into three groups based on the pulse duration: nanosecond,
picosecond, and femtosecond. Research consistently indicates that reducing the pulse duration
positively affects the accuracy and precision of analytical results 7!. This is because shorter laser

pulses provide less time for thermal effects to induce fractionation.

In femtosecond laser ablation, the energy transfer occurs in two stages. The first stage happens
in the initial few femtoseconds of the laser pulse, during which the sample's surface layer
absorbs photons and undergoes photon ionization processes, exciting the electrons. The second
stage lasts a few hundred femtoseconds to picoseconds and involves the transfer of absorbed
energy to the lattice through electron-phonon coupling. This leads to thermal evaporation of the
sample, known as 'strong ablation', or to the direct removal of heavy atoms and ions, termed
'soft ablation'. Both ablation processes can occur simultaneously, with the contribution of each

depending on the laser intensity and the ablation thresholds of the sample 72.

Longer laser pulses, such as those in the nanosecond and picosecond ranges, increase the
proportion of thermal effects, causing non-stoichiometric ablation (preferential vaporization of
volatile components) '-37-71. 73 The heat transfer during these longer pulses results in material
melting. The mechanical interaction between the molten liquid and plasma leads to the
formation of large particles in the aerosol (up to units of micrometres), a process known as
hydrodynamic sputtering. The extent of the hydrodynamic sputtering depends on the melt
thickness creating the upper layer of the ablation crater surface. Typically, greater heat diffusion
and lower fluences lead to increased melt thickness, thereby prolonging the solidification time
and consequently enhancing fractionated evaporation and hydrodynamic sputtering. The
thermal diffusivity of materials, such as metal and glass, can result in a melt layer approximately
an order of magnitude thicker in metals under fluences below 10 J cm™2 74, The amount and size
of the droplets formed depend on the thickness of the melt layer, and models of hydrodynamic

sputtering have been developed for various ablation conditions 7.

An explanation for the reduction in fractionation when using a shorter pulse can be given by
comparing PSD and particle composition. The direct removal of material in a gas phase leads
to a gas-to-particle conversion, resulting in primary nanoparticles within the nucleation size
range (< 30 nm) and their agglomerates, which can reach sizes of hundreds of nanometres”* %,
In contrast, particles created by thermal effects and thermodynamic sputtering attain sizes of up

to several micrometres and are typically characterised by spherical symmetry #1937,
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Alternative methods for measuring ablated particles have shown that the chemical composition
of these particles varies depending on their size and, consequently, their origin '*7°, Primary
nanoparticles and their agglomerates are often enriched with more volatile components,
whereas refractory components tend to accumulate in larger particles. This trend was also
confirmed in cobalt-cemented tungsten carbide, a system comprising both high- and low-
volatile components. Large particles showed enrichment with tungsten, a less volatile element,
while clusters of smaller particles exhibited obvious depletion of W and enrichment of Co. The

condensation of Co on larger spherical particles is also distinctly visible '°.

This situation is illustrated in Figure 11, where the 5x4 mm filter area is covered by network
of nanoparticles, their clusters, and one large spherical particle. Figure 11a, captured using
Back-scattered Electrons (BSE), shows the overall distribution, while Figures 11b-11d,
obtained via Energy Dispersive X-ray Spectrometry (EDS), depict the elemental distribution
within the particles. The EDS mapping highlights the evident accumulation of tungsten in
spherical particles and the uniform distribution of cobalt in agglomerates. The original
composition of the sample was (% wt): C 6.13, Co 3.33, Ta 1.03, Nb 0.42, and W 8§9.09.

Map data 42
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Fig. 11. The elemental distribution maps of particles collected from sample no. 1457HF3, measured on
a 5 x4 mm filter area; a) BSE picture of the particles on the filter, b) tungsten and c) cobalt detected in
this area, and d) common map of major elements (W, Co, C, O) 1°.
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The employment of femtosecond (fs) laser pulses (fs-LA) enables the elimination or significant
reduction of micrometric-scale particle formation, a common occurrence with nanosecond (ns)
pulses (ns-LA). The interaction mechanisms of fs-LA with a target are associated with a
reduction in thermal effects, leading to decreased material melting. For instance, during UV -fs-
LA of Fe-based sample, only nano-sized agglomerates ranging from 50—250 nm were observed
(Figure 12b), while UV-ns-LA generated an aerosol showing a bimodal distribution composed
of micro-sized molten spherical particles and nano-sized agglomerates (Figure 12a) *.
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Fig. 12. SEM images of the collected aerosol particles obtained for an Fe metal sample using: a) UV-ns-
(Nd:YAG)LA; b) UV-fs-(Ti-sapphire)LA. These images show the different kinds of transported particles
observed for each laser system but are not representative of the total transported mass *.

Shortening the pulse duration can lead to a significant increase in the accuracy and precision of
the analytical method. A case in point is the analysis of Fe-based samples using lasers with
almost identical wavelengths but differing pulse durations (Nd:YAG 266 nm, 4 ns and Ti-
sapphire 265 nm, 150 fs). Matrix-matched (within metallic samples) and non-matrix matched
calibrations were employed for analysing Fe-based samples, using a silicate glass (SRM NIST
610) as non-matrix matched calibration sample (glass-metals). Notably, improved analytical
results in terms of precision and accuracy were achieved using femtosecond laser ablation,
particularly when using similar matrices for calibration. Furthermore, non-matrix matched
calibration employed for quantification provided more accurateresults (5—15% RSD) compared
to UV-ns-LA-ICP-MS (5-30% RSD) *. For a comprehensive summary of these results, refer to
Table 2.
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Table 2 Elemental content values, relative standard deviations (n=6) and accuracy values (bias from

reference content) found for SRM JK27A using matrix and non-matrix matched calibration. a) UV-ns
(Nd:YAG)-LA-ICP-MS; b) UV-fs (Ti-sapphire)-LA-ICP-MS 4.

(a) ns-Nd:YAG laser

SRM JK27A Matrix matched calibration with SRM JK2D Non-matrix matched calibration with SRM NIST 610
Element Ref. content/ug g=' Content/ug g~' Precision RSD (%) Accuracy (%) Content/pg g~'  Precision RSD (% Accuracy (%)
Al 169 195 . 20 15 217 A 21 28

Si 4110 4.34 x 107 5 6 4.99 x 10° 3 21

P 222 259 ) 6 17 234 ) 10 6

Cr 167 600 1.65 x 10° 2 1 1.89 x 10° 8 13

Mn 15890 1.52 % 10 3 4 2.04 x 10° 7 29

Ni 120400 1.18 x lO'f 3 2 1.19 x 10° 2 1

Cu 1990 1.81 x 10° 2 9 2.46 x 10° 3 24

Mo 25310 2.55 x 10 9 1 1.91 x 10* 5 24

(b) fs-Ti sapphire laser

SRM JK27A Matrix matched calibration with SRM JK2D Non-matrix matched calibration with SRM NIST 610
Element Ref. content/ug g¢~' Content/ug g~' Precision RSD (%) Accuracy (%) Content/pg g='  Precision RSD (%)  Accuracy (%)
Al 169 156 2 8 188 12 11

Si 4110 4.10 x 10° 2 0.2 4.35 x 10° 2 6

P 222 220 4 1 212 2 5

Cr 167 600 1.66 x 10° 2 1 1.60 x 10° 3 4

Mn 15890 1.59 x 10* 1 0.4 1.52 x 10* 3 4

Ni 120400 1.20 x 10° 3 0.1 1.14 x 10° 3 S

Cu 1990 1.98 x 10° 1 1 191 x 10° 3 4

Mo 25310 2.47 x 10 4 2 2.14 x 10° 2 15

3.3 Laser fluence

Fluence, defined as laser energy per unit area, significantly influences the nature of laser
ablation sampling. It affects not only the amount of mass ablated but also the degree of
fractionation. Unlike pulse duration, where shorter times are generally recommended, there is
no universal guideline for setting fluence, and it must be carefully tailored for each sample. The
appropriate fluence value depends on the combination of the sample properties (especially its
absorption at the applied laser wavelength, thermal conductivity, and melting point) and laser
parameters, such as wavelength, pulse duration, or spot size. Generally, samples that have
higher optical transparency for the wavelength of the applied laser require higher fluence.
However, high fluences for samples with high thermal conductivity and low melting points may
induce melting and splashing of the sample that might result in deviations from the expected
element ratio ”7. This is especially true when applying repeated pulses to the same spot, as the

overall process also depends on the number of pulses used .

A different scenario arises when scanning the sample surface along a line. Here, by adjusting
the crater size, scanning speed, and repetition rate, the degree of overlap of individual laser
shots is selected. Consequently, laser ablation partly occurs on the previously ablated surface
and partly on the untouched surface. It is possible to set a scanning speed where the craters do

not overlap, meaning the molten surface of the sample does not affect subsequent pulses.
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Such a model was applied to the study ® which demonstrates that the final representation of
individual elements in the Al alloy sample varies based on the laser fluence used. Using higher
fluences of ns laser reduces preferential vaporization of volatile components. The change in the
response of measured analytes persists even after the application of several pre-shots. In the
case of metallic materials where extreme melting occurs, the composition may permanently

change due to surface re-melting, especially at lower fluences. The experiment was performed
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Fig. 13. a) The total elemental representation (expressed as a percentage of sum of signal intensities)
for BAM 311 sample with different surface roughness: 1 polished (14.0), 2 #2000 (73.0), 3 #1200
(190.0), 4 #500 (335.0), 5 #220 (875.7) and 6 #80 (2717.3); b) The image of a polished BAM 311 surface:
EDX map of elemental distribution. Cu (red) and Mg (turquoise) form dendrites. Bi and Pb (green) are
captured together in small inclusions within dendrites. Al (blue) is mainly contained in the space
between them; c) SEM image of the polished BAM 311 sample surface ablated by 1 J cm™ spot by spot
of 110 um diameter 8.
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on the BAM 311 sample (composition in m/m %: Al 92 %, Cu 4.7 %, Pb 0.05 %, Bi 0.05 %,
other elements ~ 3 %) prepared with different surface roughness to also demonstrate the effect
of surface topography on laser ablation. The influence of surface properties on laser-matter
interaction is a separate phenomenon, covered in Chapter 3.6. To illustrate the effect of fluence,
compare the composition of the ICP-MS response of individual analytes within columns 1 — 6
in Figure 13a, which represent the same sample with varying surface topography. Focusing on
column 1, corresponding to the polished sample (preparation of surfaces by the usual
procedure), a substantial change in the composition of the registered signal with increasing
fluence is evident. Lower fluences lead to higher representation of volatile components
(especially Pb and Bi), which are present in the sample in minor quantities compared to
aluminium, the predominant element in the alloy. This can be explained by two factors. Firstly,
the different physical properties of elements: Pb and Bi are extremely volatile with melting
points of 207°C for Pb and 271°C for Bi. Secondly, their distribution within the matrix differs
from other elements. Figure 13b shows that the alloy exhibits a dendritic structure that was
created during the unidirectional solidification process. Due to different melting points and
solidification ratios of elements, the dendrites are enriched with Cu, Bi and Pb. Although
globally homogeneous, this dendritic structure introduces micro-heterogeneity to the sample,
creating regions with varying melting and boiling points or optical properties, potentially
causing fractionation. This effect is most pronounced at low fluences, where preferential

ablation occurs primarily in the areas of dendrites, as illustrated in Figure 13c.

Irrespective of the sample properties, fluence remains one of the most critical variable
parameters in laser ablation. Optimizing fluence is essential to achieve precise (minimal
fractionation effect) and accurate (sufficient mass ablated) analytical results. The appropriate
fluence value is primarily related to the sample matrix, laser pulse duration, and the number of

applied pulses.

3.4 Ablation mode and spot size

In LA-ICP-MS, two ablation modes are commonly used. The first is the spot ablation mode,
where a specific number of laser pulses are repeatedly directed at a single point. The number of
pulses can vary based on the nature of the analysis, ranging from a single pulse (known as single
pulse ablation) to hundreds or even thousands of pulses. These pulses generate the aerosol
necessary for trace analysis from that specific area or to create a depth profile. The second
frequently used mode is the scanning mode, where the sample is moved at a predefined speed,
typically linearly. The combination of the set laser repetition rate and spot size with this speed

determines the degree of overlap between individual pulses.
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It has been observed that the settings of the ablation mode can significantly influence the
formation of aerosols and, consequently, the resulting analytical signal. For instance, in spot
ablation, the spot size impacts not only the quantity of generated particles but also their size
distribution ’. When monitoring particles generated by spot ablation with a ns laser on the SRM
NIST 610 sample, a shiftin PSD peak, corresponding to the nucleation of nanoparticles (around
10-20 nm), was noted towards larger sizes with increasing applied spot diameter (Figure 14a).
This shift is attributed to the greater amount of material evaporated. The second peak in the
PSD, indicative mostly of the coagulation/agglomeration of primary nanoparticles (at 190 nm),
remains constant in position irrespective of the spot size, although the concentration of particles

changes. As anticipated, the particle concentration of all sizes escalates with an enlarging spot.
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Fig. 14. a) EEPS particle size distribution graphs (average of 80 s spot ablation) for different spot sizes,
the error bars indicate standard deviation of 5 measurements; b) Distribution map for temporal
behaviour of particle number concentration in individual size channels for spot size of 85 um. The
particle concentration scale is shown to the right of the graph dN/dlog(dp) (particles cm™3)7.

In Figure 14b, temporal changes in the PSD during spot ablation with an 85 pm spot size are
depicted. There is a noticeable increase in the production of particles with diameter (D) of
approximately 190 nm within the first 10 seconds of spot laser ablation. The production of
primary nanoparticles begins roughly 20 seconds after the start of ablation, corresponding to
200 pulses applied. Furthermore, the number concentration of particles with Dy, < 50 nm rises
as the crater becomes deeper. Such behaviour at the start of surface layer ablation is consistent
with the theory that nanoparticles are scavenged by larger particles originating from the intact
material surface. As the crater deepens, the production of larger particles decreases %, leading
to a relative increase in the concentration of smaller nanoparticles. Overall, the dynamics of

spot ablation change continuously during the ablation process.

The temporal record of PSD for spot ablation reveals differences in laser interaction with the

original sample surface compared to a layer of material altered by preceding laser pulses. This
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phenomenon is also observable for the scanning mode of laser ablation, specifically regarding
the degree of laser spot overlap, i.e., the ratio of original to already ablated material within a
single pulse. At the same laser repetition rate, this means that slower scanning speeds will more
closely resemble spot ablation. This was confirmed using SRM NIST 610 for spot ablation and
various scanning speeds, all employing an 85 pm spot size and a 10 Hz repetition rate (Figure
15a) 7. Slower scanning speeds led to an increased production of primary nanoparticles and a
closer resemblance to spot ablation, where the sample remains static. The peak for agglomerated
particles consistently remains at 190 nm across different speeds, mirroring the findings in spot
ablation. Figure 15b illustrates that the ablation process in line scan mode is more stable
compared to spot ablation mode. In the case of a scan speed of 40 um s, the scan ablation

stabilizes after the initial 10 seconds.
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Fig. 15. a) EEPS particle size distribution graphs (average of 80 s spot ablation) for different scan speeds,
the error bars indicate standard deviation of 5 measurements; b) Distribution map for temporal
behaviour of particle number concentration in individual size channels for scan speed of 40 pm s™. The
particle concentration scale is shown to the right of each graph dN/dlog(dp) (particles cm=3)7.

When comparing spot and line scanning ablation modes using the APS instrument, capable of
measuring PSD in the range of 540 nm - 17 pm, it was found that line scan ablation produces
up to 10 times more particles in this size range, as evidenced in Figure 16 for 85 um spot
ablation vs. scanning ablation at a speed of 40 um s™'. Such an increase in large particles causes
a considerable rise in the overall volume of the sampled material introduced into the ICP,

thereby enhancing the response of measured analytes in line scan ablation mode ’.

Differences in aerosol PSD between spot and line scan ablation have also been the subject of
another study ®, which further explores the comparison of particle formation relative to the

sample matrix. This aspect will be discussed in greater detail in the subsequent chapter.
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Fig. 16. Particle size distribution by Aerodynamic Particle Sizer for spot ablation mode (85 pum) and line

scan (40 um s7) of SRM NIST 610; the error bars indicate standard deviation of 5 measurements 7.

3.5 Sample matrix

The laser-matter interaction is significantly influenced by the sample's physical and chemical
properties. These include, for example, the absorption coefficient, which determines the extent
of laser energy absorption at a specific wavelength, the thermal conductivity of the sample
affecting heat transfer, and the degree of plasma shielding, which refers to the attenuation of
incoming laser radiation 7°. Conversely, laser irradiation can substantially alter the sample's
optical and thermo-physical properties, leading to changes in surface reflectivity, electrical and

thermal conductivity, surface tension, and latent heat of vaporization.

Depending on the sample matrix, there is a specific interaction between laser radiation and the
formation of aerosol particles, occurring predominantly through two fundamental processes.
Firstly, the aerosol is formed via a gas-to-particle conversion process, typically resulting in
smaller particle sizes. Studies investigating particle formation have revealed that nanoparticles
produced by vapor nucleation are generally smaller than 100 nm (subject to variations based on
laser and sample parameters) before cluster agglomeration commences %°. Detailed observation
of nanoparticle formation is challenging due to the irregular shapes and undefined density of

the clusters they form.

Secondly, the aerosol is formed through heat transfer processes that cause material melting,
followed by liquid-plasma interaction, leading to the creation of larger particles in the aerosol

through hydrodynamic sputtering. The extent of hydrodynamic sputtering is dependent on the
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thickness of the molten layer forming the upper part of the ablation crater surface. Increased
heat diffusion and lower fluences typically result in a thicker melt layer, extending the
solidification time and enhancing fractionated evaporation and hydrodynamic sputtering 74, The
thickness of this melt layer is a determining factor for the quantity and size of the generated
droplets. For example, the thermal diffusivity difference in materials such as metals and glass
can lead to a melt layer about an order of magnitude thicker in metals under fluences below
10J ecm™2 74, This principle is influenced not only by the sample matrix but also by the

parameters of the laser radiation, particularly wavelength and pulse duration.

Some observations have been able to approximately delineate particle formation during the
condensation process using ns lasers. Commonly, two size distribution modes are observed 7>
81 The size of particles in the primary mode is mainly influenced by the ablation mode "%, with
smaller sizes noted for line ablation, and is largely independent of the type of ablated material.
This is attributed to a similar mechanism of primary particle formation across all materials,
involving evaporation followed by the condensation of vapours, under conditions set by the
laser ablation setup (including laser settings, carrier gas, etc.). In contrast, the size of particles
in the accumulation mode is material-dependent, as illustrated in Figure 17 when comparing
metal and glass. Notably, for SRM NIST 610, the accumulation mode of the PSD shifts to larger
sizes (200 and 220 nm for spot and line ablation, respectively) compared to steel F4 material

(120 and 160 nm for spot and line ablation, respectively) for both ablation modes.
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Fig. 17. Average PSD for laser ablation of different materials (glass NIST610 and steel F4) and different
ablation modes (measured by EEPS). Ablation conditions: ns laser (193 nm), 110 pum spot size, 8 J cm™?,
10 Hz, scan speed of 20 um s 8,
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Furthermore, the overall size distribution exhibits lower concentrations for the ablation of steel
material. The greater tendency of SRM NIST 610 for clustering compared to steel F4 was
confirmed through particle observation using TEM, as illustrated in Figure 18. NIST 610 was
observed to predominantly form clusters consisting of a single type of particle, whereas F4

produced two distinct particle types. The large spherical particles, characteristic of

hydrodynamic sputtering of the liquid layer, can reach sizes of up to several micrometres.

Fig. 18. TEM image of particles produced by spot ns laser ablation (193 nm, 110 um spot size, 8 ] cm2,
10 Hz) a) SRM NIST 610, b) steel F4 8.

Although the quantity of particles generated by hydrodynamic sputtering may seem
insignificant compared to the total number of particles, their considerable size - up to several
micrometres - means that they constitute a significant portion of the total aerosol volume. Both
the quantity and size of these particles are influenced not only by the laser ablation parameters
but also significantly by the material's matrix. This is particularly evident when comparing
different materials under identical ablation conditions. Figure 19 shows PSD in the size range
of 0.25-2.5 pum, encompassing the entire range for particles produced by hydrodynamic
sputtering . Three materials with different matrices are presented: metal (steel), metal-ceramic
(Co-cemented tungsten carbide hardmetal), and non-metal (glass) sample. In the steel sample,
the highest number concentration of particles is observed, along with the presence of particles
reaching the largest sizes. In contrast, the glass sample exhibits the smallest particles in the
lowest concentrations. This variation is linked to the thermal conductivity of the samples; a
higher thermal conductivity leads to the formation of a thicker molten material layer on the

surface, serving as a source for material sputtering.
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through electron microscope

imagery as shown in Figure 5.

comparative analysis of two

ablation craters created under identical conditions but on different material types. The SRM
NIST610 glass produces a regular crater, devoid of signs of a molten bottom or an expanded
rim, and the resultant particles resemble agglomerates of primary nanoparticles (Figure 20a,
¢). Conversely, a metal sample displays pronounced melting, especially evident at the crater's
rim and bottom, as well as in the abundance of deposited particles (Figure 20b, d). These
particles are indicative of thermodynamic sputtering of the melt. Additionally, they serve as

'traps' for capturing primary particles, reducing the efficiency of particle transport to the ICP.

The process of matrix unification effectively reduces the disparities in ablation mechanisms
among different samples. This effect was clearly demonstrated in a study involving Co-tungsten
carbide precursor powder samples !!. For laser ablation, these samples were prepared as pressed
pellets, either without a binder or using silver as both a binder and a matrix unifier. The analysis
focusing on particle formation and ablation crater characteristics highlighted the significant role
played by the matrix unifier. Notably, it led to a reduction in variations in the total particle
concentration among the samples, with the relative standard deviation (RSD) decreasing from
46% to 19%, as shown in Figure 21. Similarly, the disparities in the volumes of the ablation

craters were also minimised, with the RSD dropping from 36% to 16% "'
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Fig. 21. Total concentration of particles (10 nm-17 um) formed during the laser ablation of non-matrix-
unified (without binder) and matrix-unified (with Ag binder) Co-tungsten carbide samples. The error-
bars signify the standard deviation of three parallel measurements of each sample 1.
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3.6 Sample surface

While the intrinsic chemical and physical properties of a sample are typically unalterable, its
surface - which directly interacts with laser radiation - can often be modified prior to analysis.
There are exceptions, such as porous samples, biological specimens, cultural heritage artefacts,
or powdered materials. A standard approach to sample preparation involves surface polishing
using diamond paste to achieve a smooth finish. Research has demonstrated that intentional
surface treatments, aimed at modifying optical or thermal characteristics, can enhance the

analytical performance of LA-based techniques.

For example, roughening the sample surface can amplify the LA-ICP-MS signal. This
enhancement is attributed to decreased material reflectivity and increased energy transfer from
the laser pulse through the material's sharp edges °. In the referenced study, certified glass
standard reference material (SRM) NIST 610 and aluminium alloy standard BAM 311 (BAM,
Germany) were utilised as samples. Different levels of surface roughness were achieved
through wet grinding or polishing with various silicon carbide papers (ranging from #80 to
#2000) or diamond pastes of 3 um and 1 um. The resulting surface roughness values for these

samples are listed in Table 3.

Table 3 Surface roughness measured by an optical 3D microscope for samples with different grinding
setup ©.

Ra [nm] #80 #220 #500 #1200 #2000 polished
BAM 311 2717.3 875.7 335.0 190.0 73.0 14.0
NIST 610 2601.8 514.5 136.8 24.2 8.1 1.2

The LA-ICP-MS response for measured isotopes was assessed across different fluences (1, 3,
5, 10, and 13 J cm™). Each measurement was carried out as a "spot by spot" (no pulse overlap)
line scan of 5 mm length and 10 repetitions. The average counts per second (cps) for each
isotope were calculated along with the standard deviation (SD). Subsequently, these values were
compared across isotopes and varying fluences. By comparing the cps of samples with specific
roughness against those of polished samples, changes in signal response were estimated. As the
ratio between cps of samples with specific surface roughness and the cps of polished samples
exceeded one in most cases, it is referred to as 'enhancement'. The correlation between

enhancement and surface roughness is depicted in Figure 22.
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Beyond the effect of fluence, surface roughness contributed significantly to signal
enhancement. Higher analytical ICP-MS signals for measured isotopes suggest an increase in
ion production from the aerosol. This aerosol formed by the interaction of the laser pulses with
the sample, can either be larger in volume or have a different structural composition. To quantify
the total mass generated by LA, a DustTrack DrX monitor was used. It measured the aerosol
mass produced from ablating both a polished sample and a sample with #220 roughness
(exhibiting the highest enhancement) across various fluences (1, 3, 5, 10, and 13 J cm™) for
both material types. The analysis revealed that the Al alloy sample with #220 roughness
generated an increase in aerosol mass exceeding an order of magnitude, achieving up to fifty
times the mass compared to the polished sample. In contrast, NIST 610 demonstrated an
increase in aerosol production by less than an order of magnitude (as shown in Table 4). These
results are consistent with the signal enhancement observed for both materials, validating that

samples with higher surface roughness produce a larger mass of aerosol particles.

Table 4 Ablated mass [mg m~3] during laser ablation with various fluencies (1, 3, 5, 10 and 13 J cm?)
and reflectivity of polished sample and sample #220 (with the highest enhancement in case of alloy) .

[J/cm2] NIST 610 [mg/m?] BAM 311 [mg/m?]
Polished 220 Polished 220
1 0.020 0.136 0.007 0.093
3 0.033 0.167 0.005 0.211
5 0.045 0.143 0.005 0.234
10 0.053 0.147 0.005 0.275
13 0.058 0.146 0.008 0.295
Reflectivity 100% 60% 100% 44%

Another approach to enhance analyte signals involves applying metal nanoparticles to the
sample surface, a technique referred to as NE-LA-ICP-MS (Nanoparticle-Enhanced Laser
Ablation Inductively Coupled Plasma Mass Spectrometry) . In experiments using Aluminium
alloy AW 2030 as the model sample (with a composition by weight %: 92% Al, 3.9% Cu, 1.2%
Pb, 0.8% Mg, 0.6% Mn, and 0.1% Fe), the application of metal nanoparticles in the form of
dried droplets led to a significant amplification of the analyte signal, as shown in Figure 23.
This enhancement exceeded two orders of magnitude while reducing the detection limits by an
order of magnitude. The extent of signal amplification was observed to vary with the applied
fluence. Table 5 presents a comparative analysis of detection limits for various fluences,
contrasting the clean surface of aluminium alloy AW 2030 with a surface coated with 40 nm
AgNPs.
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material removal but does alter the
crater's structure. Figure 24a

illustrates the contrast between a

(213 nm, 100 pm diameter, with

fluence of 4.5 J cm™?) at the boundary of a clean sample surface and an area with dried droplets
containing 40 nm AgNPs. The presence of NPs appears to result in smoother ablation craters
with less material splashing. This observation led to the hypothesis of potential variations in
aerosol structure, later confirmed by a study showing different particle size distributions
between a polished sample surface and a surface coated with gold nanoparticles of various
sizes '2. When employing the NE-LA-ICP-MS method, a larger proportion of smaller particles
(<30 nm) was produced, at the expense of particles around 100 nm and larger (Figure 24b).
This phenomenon can be attributed to two main factors: firstly, different clustering mechanisms
employed by the two methods; and secondly, reduced thermal effects during NE-LA, leading
to fewer large spherical particles typically formed by the solidification of sprayed sample melt,
a process known as hydrodynamic sputtering. The experimental findings conclusively
demonstrate that the NE-LA-ICP-MS method produces a higher proportion of smaller particles
(<30 nm) in comparison to conventional LA-ICP-MS, approaching an ideal monodisperse
aerosol that can be efficiently vaporized in the ICP. This discovery provides a foundation for

future research aimed at developing strategies to reduce the undesirable effects of fractionation
in LA.
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Table 5 LODs (ug g') for different fluences (J cm™) without and with 40 nm AgNPs on the sample
surface (comparing LA-ICP-MS and NE-LA-ICP-MS methods) °

fluence Mg Mn Fe Cu Pb
Without NPs
0.2 120 440 1300 5400 4.9
0.3 110 360 970 4800 4.0
0.4 50 190 730 2500 2.2
1.0 42 87 440 1100 1.5
2.0 51 51 450 580 2.5
3.0 60 35 350 450 2.1
3.7 30 26 250 340 1.7
4.5 46 23 270 280 3.0
With 40 nm AgNPs

0.2 33 73 750 250 0.15
0.3 5.5 77 610 430 0.29
0.4 52 60 490 370 0.27
1.0 2.8 30 280 220 0.15
2.0 29 20 170 160 0.16
3.0 1.7 11 120 84 0.10
3.7 19 14 140 110 0.11
4.5 1.9 12 130 98 0.12

b " — No Au NPs
:}‘:’~\ - = - 10 nm NPs

f ---- 40 nm NPs
—-—+100 nm NPs

Particle mobility diameter [nm]

Fig. 24. a) Crater image by SEM-BSE for a fluence of 4.5 J cm=2 on the interface of the droplet with 40
nm AgNPs (right) and the surface without NPs (left) ; b) Particle size distribution measured by EEPS
(5.6-560 nm, arbitrary concentration units) of LA and NE-LA aerosol using different sizes of
nanoparticles for fluences 1Jcm212,
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4  Conclusion and outlook

This habilitation thesis comprehensively deals with the sampling of solid materials by laser
ablation for mass spectrometry with inductively coupled plasma (LA -ICP-MS) emphasizing the
prevalent application of the most used nanosecond lasers. It seeks to contribute to the
elucidation of the complex dynamics between the laser pulse and the sample. It indicates how
numerous parameters, such as laser wavelength, pulse duration, fluence, ablation mode, scan
speed, and laser beam size, as well as physical and chemical properties - especially the matrix

and surface - critically affect this interaction.

The research included in the habilitation thesis shows that the use of shorter laser wavelengths,
specifically the reduction from 266 nm to 193 nm, significantly limits the formation of particles
larger than 150 nm during the ablation of metal samples. This finding underscores the potential
for improved precision in particle size control during aerosol generation. The study further
shows that the duration of the laser pulses significantly affects the thermal dynamics during
ablation. Longer pulses in the nanosecond and picosecond range enhance non-stoichiometric
ablation due to preferential evaporation of volatile components, resulting in significant material
melting. This molten material mechanically interacts with the plasma, leading to the production
of larger particles by hydrodynamic sputtering and thereby affecting the particle size
distribution and composition of the aerosol. The use of femtosecond laser pulses has been
shown to be helpful in mitigating microparticle formation - a prevalent problem with longer
nanosecond pulses - by reducing thermal effects and minimizing material melting. This advance
in pulsed laser ablation not only refines aerosol particle sizes, but also increases the analytical

accuracy and precision of the LA-ICP-MS method.

In addition, adjustments in the fluence and ablation mode are shown to play a pivotal role.
Higher fluences with nanosecond lasers reduce preferential evaporation of volatiles on metal
samples, independent of surface topography. The findings also confirm that the setting of the
ablation mode, especially the spot size in spot ablation or the scan speed in scanning ablation,
significantly affects the particle size distribution and thus directly affects the analytical signal.
This work further confirmed that matrix and sample surface modifications are key to optimizing
the laser-matter interaction. Surface treatments such as roughening, or deposition of metal
nanoparticles can significantly affect the amount and size of produced particles due to changes
in the optical and thermal properties of the surface. These modifications not only enhance the

analytical signal, but also substantially reduce the detection limits.

The work underlines the basic factors influencing the course of laser-matter interaction and the
formation of sample aerosol using methods such as diagnostics of ablation craters, measurement
of aerosol particle size and concentration, and analysis of analytical signals. Other parameters

such as carrier gas type and flow rate, ablation cell geometry and laser repetition rate are
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certainly very important, and all these factors require thorough optimization for accurate and
precise application of the LA-ICP-MS method.

In conclusion, the LA-ICP-MS technique is in a state of constant development. The move to
shorter-wavelength, shorter-pulse lasers is designed to alleviate fractionation issues, along with
the development of new calibration standards and advanced results processing that account for
factors such as fractionation, matrix effects, and sample inhomogeneities. These advancements
propel the method towards faster analyses, enhanced spatial resolution, reduced detection
limits, and expanded applicability. The method is increasingly used not only for the analysis of
trace elements, but also for the precise determination of the isotopic ratio and the identification
and quantification of proteins after their labelling. This thesis significantly contributes to a
deeper understanding of laser-matter interactions, pivotal for the continuous improvement and

expansion of LA-ICP-MS applications across different scientific disciplines.
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6 Abbreviations

APS
BSE
CPC
CPS
Dm
DMA
EEPS
EDS
EDX
EPMA
Fl
FMPS
ICP
ICP-MS
LA

Aerodynamic Particle Sizer

Back-Scattered Electrons

Condensation Particle Counter

Counts Per Second

Mobility diameter (measured by Differential Mobility Analyser)
Differential Mobility Analyser

Engine Exhaust Particle Sizer

Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy

Electron Probe Micro Analysis

Fractionation Index

Fast Mobility Particle Sizer

Inductively Coupled Plasma

Inductively Coupled Plasma Mass Spectrometry
Laser Ablation

LA-Q-ICP-MS Laser Ablation with Quadrupole Inductively Coupled Plasma Mass Spectrometry

LA-ICP-MS
LOD
Nd:YAG
NE-LA
NP
OPC
OPS
PIXE
PNC
PSD

SD

SEM
SMPS
SRM
TEM

Laser Ablation with Inductively Coupled Plasma Mass Spectrometry
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7 Attachment

The appendix contains a set of papers commenting on this habilitation thesis in the order listed
in Chapter 1.2.
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The eastern part of the Moldanubian Zone (Bohemian Massif, Czech Republic) hosts the Western Moravian
uranium (U) province where U exploitation was active from 1957 to 2017 with total production about 24,000 t of
U. A set of 369 laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses were per-
Fluid-rock interaction formed to simultaneously assay 50 chemical elements in samples of unaltered uraninite from this U province,
REE alongside 246 electron microprobe analyses (EMPA) to determine the major and minor element compositions of
HFSE the latter. Such large sets of analyses allowed comparisons to be made and a possible classification of individual
deposits and/or ore fields based on the major, minor, and trace elements compositions of uraninite. According to
the results, uraninite samples from individual U ore fields or even deposits exhibited contrasting trace element
signatures. For example, minor elements such as Ca differed significantly (median of CaO 3.1-9.0 wt%), while
>"REE and Y, which are common substituents in uraninite, reached median values on 4.3-6495 and 6.5-1552
ppm, respectively. The REE chondrite normalized patterns along with Eu anomalies (Euy/Euy* 0.06-1.50) of
uraninite varied significantly among the studied deposits. The Zr contents commonly ranged over only a few
ppm. However, the uraninite samples from two deposits of the ore province (Rozsochy and Rozna-Jasan) yielded
anomalously high Zr contents (medians of thousands of ppm and maximum contents of up to 2 wt%) which are
not common for hydrothermal uraninite. Furthermore, significant variations were also observed in the con-
centrations of Nb, Ti, and V, for example. All deposits in the province have very similar mineralogical, ore
textural, or structural features (low temperature shear zone hosted U veins) as well as timing of mineralization
events (Permian age). Such significant trace element variations in uraninite within one U ore province are un-
common and may underline the limitations of using the trace element compositions of uraninite as a tool for
provenance studies or determining the function of a type of U deposit. We suggest that factors such as the
physico-chemical conditions, lithological controls, and fluid-rock interaction processes on a deposit/ore field
scale can significantly control the minor and trace element compositions of uraninite.

1. Introduction

Uraninite can be hosted in diverse geological environments and on
different scales, from occurring as an accessory mineral in intrusive
rocks to forming high-grade orebodies in a range of uranium (U) deposit
types (Dahlkamp, 1993; Cuney, 2008). Various opinions on the genesis
and classification of U deposit types have been developed over the past
50 years (Ruzicka, 1971; Dahlkamp, 1978; Dahlkamp, 1993; Nash et al.,

1981; Cuney and Kyser, 2009). The latest geological classification
compiled by the International Atomic Energy Agency (IAEA, 2018)
subdivided U deposits into 15 main types and over 50 subtypes.

With the recent development of fast low detection limit analytical
techniques such as laser ablation-inductively coupled plasma mass
spectrometry (LA-ICP-MS) or secondary ion mass spectrometry (SIMS),
studies using trace elements systematics in uraninite as a possible
function of a deposit type (Mercadier et al., 2011; Alexandre et al., 2015;
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Eglinger et al., 2013) or provenance source (Depiné et al., 2013; Frim-
mel et al., 2014; Spano et al., 2017) have emerged. Minor and trace
elements can be incorporated into uraninite due to its complex formula
(U‘l‘f,(_y.ng+ REE?*M?*)OBX_(O,SY)", (Janeczek and Ewing, 1992a)
and presence within it of structural defects and ionic substitutions.
Moreover, processes connected to the radioactive decay of U to Pb,
oxidation of U*" to U®*, alterations under oxidizing or reducing con-
ditions, as well other processes (Janeczek and Ewing, 1992a; Janeczek
and Ewing, 1992b; Finch and Ewing, 1992; Janeczek and Ewing, 1995;
Alexandre and Kyser, 2005; Ballouard et al., 2017) allow the uraninite
structure to host (or lose) a variety of elements and not only those with
an ionic radius close to the 1 A of U** (e.g. REE®" 1.116-0.98, Y>*1.019
A, Ca®t 1.12 A, Th*" 1.5 A, VII coordination; Shannon, 1976).
Considering the associations and quantity of major, minor, and trace
elements and its comparison between uraninite from individual deposit
types, previous authors have reported that among other trace elements,
the chondrite normalized values of rare earth elements (REE) can serve
as useful tools for specifying the provenance and/or type of deposit (e.g.,
Bonhoure et al., 2007; Mercadier et al., 2011; Frimmel et al., 2014;
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Alexandre et al., 2015). On the other hand, in their research of uraninite
from the unconformity-related deposits of the Athabasca basin, Martz
et al. (2019a) outlined the disadvantages of this method due to the
mobile behavior of REE and some other elements during post-
crystallization alteration processes in uraninite.

The eastern margin of the Moldanubian Zone (Central Europe, Czech
Republic, Bohemian Massif) hosts the Western Moravian U province
which has a long history of U mining (1957-2017) and has yielded an
overall production about 24,000 t of U (Arapov et al., 1984). Although
the province has been considered in many studies (Arapov et al., 1984;
Ruzicka, 1993; Kribek et al., 2009; Kribek et al., 2022; Dahlkamp, 2016),
some variations in the described deposit types and the genesis/origin of
the U mineralization are still not fully understood. To contribute to this
topic, we gathered samples of unaltered uraninite mineralizations from
all major deposits of this province. The main contribution of this study is
its very large set of >600 point analyses measured on 23 uraninite
samples to assess the possible differentiation or uniformity of the major,
minor, and trace element signatures of uraninite from the whole mining
province. The results reveal unusual trace elements signatures for low-
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Fig. 1. a) Generalized tectonic scheme of Variscan massifs in western and central Europe with the location of the study area (edited after Franke, 2000); and b)
geological map of the eastern part of the Moldanubian Zone (area of the Western Moravian uranium province) showing the locations of the ore fields (red rectangles)
and of individual deposits and formal mines from where the studied samples were obtained (the map is edited after Tajcmanova et al., 2006). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

54



V. Wertich et al.

temperature uraninite samples as well as significant trace element var-
iations between individual ore fields considered to represent the same
deposit type formed during the same time period.

2. Geological setting

The investigated U ore fields are located within the eastern part of
the Moldanubian Zone (Fig. 1a and b) which traditionally divided into
three major tectonostratigraphic units that are distinguished by con-
trasting lithological assemblages and different metamorphic conditions:
the Monotonous, Varied, and Gfohl units (Dudek and Fediukova, 1974;
Matte et al., 1990; Lardeaux et al., 2014). The Monotonous and Varied
mid-crustal amphibolite facies units consist predominantly of migma-
titic cordierite-biotite-sillimanite paragneisses along with minor
orthogneisses and amphibolites; abundant intercalations/lenses of calc-
silicate rocks, marble, quartzite, and graphitic gneiss are only charac-
teristic of the Varied unit. In addition, boudins of retrogressed eclogites
and spinel peridotite have been found particularly at the boundary be-
tween the two (Faryad et al., 2015). The sedimentary protoliths of both
mid-crustal assemblages have been attributed Neoproterozoic-Early
Paleozoic sedimentation ages (Kosler et al., 2014). On the other hand,
the lower crustal/upper mantle Gf6hl unit, which is found structurally
on the top of the Moldanubian sequence, consists mostly of anatectic
orthogneisses and migmatites (Cooke and O'Brien, 2001; Hasalova
et al., 2008), amphibolites with mid-ocean ridge basalt (MORB)-like
composition associated with high-pressure (HP) felsic granulites
(Tajcmanova et al., 2006; Vrana et al., 2013), and characteristically
encloses minor eclogite bodies, and spinel and/or garnet-bearing peri-
dotites and pyroxenites (Medaris et al., 2005; Medaris et al., 2006;
Kusbach et al., 2015; Kubes et al., 2022). The magmatic protolith of the
Gfohl gneisses (sensu Fuchs, 1976) has been assigned Cambrian-
Devonian ages (Friedl et al., 2004; Schulmann et al., 2005).

The Variscan metamorphic evolution of the Moldanubian Zone, with
a peak stage at ~340 Ma (O’'Brien and Rotzler, 2003; Janousek and
Holub, 2007), was accompanied by extensive plutonic activity occurring
in contrasting geodynamic settings, mostly from the Late Devonian to
the Carboniferous (e.g., Finger et al., 1997; Timmerman, 2008; Zak
etal., 2014). The ultrapotassic magmatism is specifically a characteristic
feature of the Gfohl unit, as exemplified by extensive occurrences of so-
called durbachites which are typically found within the whole Variscan
Orogenic Belt in western central Europe (Fig. 1a; e.g., von Raumer et al.,
2013; Soder and Romer, 2018). For instance, the largest durbachite
(ultrapotassic syenite) intrusion occurring in the Bohemian Massif, the
Trebic pluton (338 + 3 Ma, U—Pb zircon; Janousek et al., 2020), was
originally around twice larger than today and its marginal part reached
the tectonic boundary between the Moldanubian Zone and the Svratka
Complex where the studied U deposits are located (Leichmann et al.,
2017). The tectonic boundary between the high-grade Gf6hl unit and the
Svratka Complex, predominantly consisting of metapelites, corresponds
to a low angle thrust between the two Moldanubian subunits
(Tajcmanova et al., 2006).

3. Uranium ore deposits in the eastern part of the Moldanubian
Zone

The U province in the eastern part of the Moldanubian Zone (also
referred as the Western Moravian U province) can be divided into three
major ore fields, in addition to some isolated U deposits and/or occur-
rences (Arapov et al., 1984; Dahlkamp, 2016). The studied samples were
obtained from the U deposits of the Rozna-Olsi, Slavkovice-Petrovice,
and Brzkov-Polna ore fields (Fig. 1b). Only the Jasenice deposit
located further to the south on the eastern edge of the ultrapotassic
syenite Trebic pluton (Fig. 1b) was not included in this research due to
the unavailability of unaltered uraninite samples. The nomenclature of
the samples used in the study is based on a specification or localization
of the mine or exploration/mining shafts from which they were collected
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(e.g., shaft Roznd R-1, Bukov mine, Rozsochy mine etc.).

The deposits of this province are referred to as U veins in shear and
fault zones (Ruzicka, 1993), share zone-hosted hydrothermal U miner-
alization (Kribek et al., 2009), or as structure-bound monometallic vein
subtypes of metamorphite U deposit types (IAEA, 2018). Kribek et al.
(2009) and René (2008) have also previously documented features of
hydrothermal decomposition of U- and REE-bearing accessory minerals,
subsequent U and REE mobilization, and a possible role of Permo-
Carboniferous basinal fluids which link U mineralization in the ore
province to a basement-hosted unconformity-type (Hecht and Cuney,
2000; Martz et al., 2019b). The mineralized shear zone and faults trend
in a NNW-SSE direction in the case of the Rozna-Olsi ore field and then
become more westward-oriented toward the Slavkovice-Petrovice ore
field (Fig. 1b). The Brzkov-Polna ore field (Fig. 1b) is located further to
the west, on several smaller NW-SE trending structures situated within
the large NNE-SSW oriented Pribyslav mylonite zone.

Kribek et al. (2009) distinguished a pre-ore, ore, and post-ore sub-
stage of the uraniferous hydrothermal event that formed the Rozna
deposit. The pre-ore substage was dated by Kribek et al. (2009) as having
occurred from 296.3 + 7.5 to 281 + 5.4 Ma by K—Ar ages of pre-ore
authigenic K-feldspar. The pre-ore substage was characterized by tem-
peratures of about 300 °C and its fluid inclusion compositions point to
the large-scale mixing of basinal brines with meteoric water (Kiibek
et al., 2009). Kribek et al. (2009) suggested that U was leached from
surrounding Moldanubian rocks during this substage. The temperature
of the ore-substage itself decreased to 150-170 °C based on fluid in-
clusion and chlorite thermometry. Low-temperature ore-forming fluids
and a gradual evolution toward cooler and higher salinity basinal brine-
type fluids were documented in the same deposit by Hein et al. (2002).
Uraninite isotopic bulk-phase U—Pb dating conducted on the unaltered
uraninite from vein-type ores of the Rozna deposit (Anderson et al.,
1988) yielded ages ranging from 270 to 280 Ma. K—Ar illite (277.2 +
5.5 to 264 + 4.3) and chemical U—Pb dating of hydrothermal monazite
(268 =+ 50 Ma) from the Rozna deposit further confirmed Permian ages
for the uraniferous mineralization events (Kribek et al., 2009).

There are two major types of U ore mineralization styles with
different proportional representations in the individual ore fields of the
Western Moravian U province. One is represented by network-
disseminated coffinite>uraninite mineralizations occurring in narrow
subparallel ore bodies formed along longitudinal, shear, and cataclasite
zones. Cataclasite U ore zones are usually enriched in graphite and
typical alteration processes include chloritization, pyritization, and
carbonatization (Arapov et al.,1984; Kribek et al., 2009; Dahlkamp,
2016). The ore grade is rather low for network-disseminated ores,
ranging from 0.05 to 2 wt% U in the case of the Rozna deposit (Dahl-
kamp, 2016; Kribek et al., 2009). The second type of mineralization style
was described by Dahlkamp (2016) as a vein-type ore with a charac-
teristic predominance of uraninite over coffinite in carbonates pre-
dominantly manifested as calcite veins. A detailed description of this
variety was made using samples from the Rozna-Olsf ore field where the
U veins occurred mostly in tension gashes and horsetail-like structures of
subsidiary faults genetically related to the master faults (Kiibek et al.,
2009; Dahlkamp, 2016). The ore grades in the veins are considered 2-3
times higher than those of the network-disseminated ores (Dahlkamp,
2016). A third type of ore type (metasomatic type, described especially
in the Rozna deposit), developed in albititized, desilicified, and
commonly porous rocks hosts disseminated coffinite accompanied to a
lesser extent by U-Zr-silicate mineralizations with a rather lower grade
of 0.1-0.15 % U (Kribek et al., 2009; Dahlkamp, 2016).

The description of mineralization styles is valid for all ore fields and/
or deposits of the Western Moravian U province; we can observe only
different representation of the described ore types on explored/mined
resources between individual ore fields. The network-disseminated type
of ore was dominant in the Rozna-Olsi ore field (about 85 % of the re-
sources), whereas “vein-type” ores accounted only for 10 % of the re-
sources. In contrast, vein-type ores formed the majority of explored
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resources in the Slavkovice-Petrovice ore field (80 % vein-type, 20 %
network-disseminated ore). Vein-type ores also prevailed in the Brzkov-
Polna ore field, accompanied by metasomatic type mineralization
(Dahlkamp, 2016).

4. Methods
4.1. Samples

A total of 23 samples were gathered to cover all three ore fields of the
Western Moravian U province (16 samples from the Rozna-Olsi ore field,
six from the Slavkovice-Petrovice ore field, and one from the Brzkov-
Polna ore field/Brzkov deposit; see Fig. la; Table 1 and Table 2 for
details). The samples were obtained from archives of the Moravian
Museum and the DIAMO state enterprise (organization dealing with the
elimination of the consequences of U mining activities), because the U
mines are no longer in operation and therefore inaccessible, with the
exception of a few parts of Rozna R1 (central part of the Rozna deposit)
and Bukov deposits. The studied samples belong to vein-type ores where
the unaltered domains of uraninite can be found (Fig. 3a-d). Selected
high-grade ore samples were processed and made into polished thin
sections which were subsequently studied by reflected light microscopy
and backscattered electron (BSE) imaging to earmark unaltered parts of
uraninite suitable for electron microprobe (EMP) and LA-ICP-MS
analyses.

4.2. Electron microprobe analyses

The major and minor element chemistry of U mineralization from
individual studied ore fields was determined using a Cameca SX 100
EMP analyzer at the Institute of Geological Sciences, Masaryk University
Brno, the Czech Republic. The operating conditions for the EMP analyses
of the most pure and unaltered uraninite were as follows: an accelerating
voltage of 15 kV, a beam current of 20 nA (or 80 nA in case of chemical
dating), and a beam size of 2-5 pm. During the analyses in wavelength-
dispersive mode, the following standards, elements, and spectral lines
were used: UO, (U Mp), wollastonite (Si Ka, Ca Ka), vanadinite (V Ka),
almandine (Fe Ka), alamosite (Pb M), fluorapatite (P Ka), YAG (Y La),
SrSO4 (Sr La, S Ka), lammerite (As La), ThO, (Th Ma), ScVO4 (Sc Ka),
LaPO, (La La), CePOy4 (Ce Lat), PrPO4 (Pr L), NdPO4 (Nd L), SmPO4 (Sm
Lp), GdPO4 (Gd Lp), DyPO4 (Dy La), and ErPOy4 (Er La). Only the unal-
tered parts of uraninite were chosen for analyses based on BSE imaging
(Fig. 3a-d). An alteration phenomenon, coffinization, was occasionally

Table 1

Electron microprobe analyses (EMPA): median values (wt%) for major and
minor elements (UO2, PbO, SiO,, CaO). The numbers of samples and numbers of
analyses for individual studied deposits used for median values are displayed in
brackets (No. of samples / No. of analyses). All analyses used for the calculation
of medians as well as other measured elements are included in the electronic
supplementary material.

Ore field Deposit (No. of U0, PbO Si0, CaO

samples/No. of

analyses)
Brzkov-Polna Brzkov (1/8) 846 3.6 1.5 5.8
Slavkovice-Petrovice Slavkovice (3/32) 858 3.2 1.2 6.7
Petrovice (2/33) 84.2 3.2 1.6 7.5
Novd Ves (1/12) 84.5 3.7 0.9 6.9
Rozna-Olsi (Northern Rozsochy (2/36) 828 28 3.5 3.1
part) Roznd-Jasan (1/20) 83.6 3.0 3.1 4.0
Rozna-Olsi (Central Rozna R-1 (5/29) 84.3 8.5 1.2 5.7
and Southern part) Milasin (3/25) 845 3.1 0.6 6.8
Bukov (2/19) 84.9 3.8 0.8 5.7
Habif (2/26) 84.9 3.2 0.7 6.3
0lsf (1/6) 825 3.1 1.7 9.0

Total No. samples / No. 23 / 246

of analyses
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observed; it could also be identified in the measured datasets through
increased values of SiO2 and lower UO2 against unaltered uraninite.
Therefore, we used an internal threshold on 5 wt% SiO, for both EMPA
and LA-ICP-MS measurements. The results that exceeded the threshold
were considered to represent uraninite that had already been affected by
coffinization processes and were therefore excluded from the dataset. A
total of 246 EMP analyses were performed on 23 samples.

Electron microprobe dating of uraninite was performed using the
approach of Montel et al. (1996). Given the zero or negligible Th con-
tents of the samples, only U and Pb were involved effectively. Correc-
tions of the spectral interferences of Th and Y on Pb M« and Th on U M}
were considered in the analytical protocol. However, these overlaps
were insignificant in the case of the compositions measured in this study.
The calculation provided an apparent age for every analytical point. The
weighted mean and 95 % confidence uncertainty for each compositional
domain were calculated using the Isoplot v. 4.15 program (Ludwig,
2003).

4.3. Laser ablation-inductively coupled plasma mass spectrometry

Analyses of the major, minor, and trace elements of the samples were
also conducted by LA-ICP-MS. The system consisted of a LSX-213 G2+
laser ablation device (Teledyne Cetac Technologies, USA) and Agilent
7900 ICP-MS analyzer with an octopole reaction cell (Agilent Technol-
ogies, Japan). The laser operated at a wavelength of 213 nm with a pulse
duration ~4 ns. Using helium as a carrier gas with a flow rate of 0.9 1
min !, the aerosol was washed out a 2-volume ablation cell (HelEx) and
transported through a FEP (fluorinated ethylene propylene) tube (i.d. 2
mm, length 1 m) to the ICP-MS. The mass spectrometer operated with a
forwarded power of 1550 W, an Ar gas flow rate of 15 1 min ' (outer
plasma gas), and Ar makeup gas flow rate of 1 1 min" 2! Spot ablations
with a 50 pm spot diameter, repetition rate of 10 Hz, and fluence of 9 J
cm 2 was performed for 60 s. The fifty following isotopes representing
both the major components and trace elements of the samples were
monitored with a total integration time of 4.5 s: 24Mg, 2"Si, 31P, 43Ca,
455 471, Sly, S2¢y, 55Mn, 57Fe, ©Ni, ©Cu, ®zn, 7'Ga, 72Ge, "As, 7Se,
85Rb, 885y, 89y, %071, 93Nb, %Mo, 107Ag, 18sn, 121sb, 137Ba, 13914, 10¢e,
llpy 146Nq 147gy 153y 157Gq, 159Tp, 163py, 16510, 165Ey, 169Tm,
172y} 1751y 178y 181, 182y 206pp, 207py, 208pp, 209g; 232pp 238y

Prior to processing the measured data for quantification, the time-
resolved LA-ICP-MS spectra for individual measured isotopes were
monitored. The correct isotope composition is recorded when the signal
is only slightly declining when ablating one spot, corresponding to the
gradual depression of the ablation crater (Fig. 2a). Such an ablation
record indicates that there was only a minimal risk of an ablation spot
being contaminated by fluid or mineral inclusions hidden under the
surface. On the other hand, isotope records showing deviations from the
described correct isotope records (Fig. 2b) could indicate the presence of
a mineral or fluid inclusion that would strongly affect the geochemical
composition of the measured uraninite and therefore such spots were
not further considered in the measured datasets. The correct ablation
records (Fig. 2a) were evaluated using the Ilaps software (Faltusova
etal., 2022) which has been especially developed for data reduction and
imaging (Hola et al., 2021) with LA-ICP-MS. External calibration was
performed using the standard reference materials (SRM) NIST 610 and
NIST 612. A total of 369 LA-ICP-MS analyses were performed on 19
samples.

5. Results
5.1. Texture of uraninite samples

All analyzed uraninite samples represent the abovementioned vein-
type ores and share very similar textures characterized by massive and

often colloform/botryoidal textures (Fig. 3b and Fig. 3c) surrounded or
crosscut by veinlets of hydrothermal calcite (Fig. 3a-d). Uraninite is
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Table 2
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Laser ablation-inductively coupled mass spectrometry (LA-ICP-MS) analyses of selected trace elements (Ti, V, >_REE, Y, Zr, Nb, and Th) with median values shown in
ppm. The number of samples and number of analyses for individual studied deposits used for the median values are displayed in brackets (No. of samples / No. of
analyses). Numerous analyses of Ti, Zr, Nb, Th yielded results which were below the detection limit (<LOD), especially in the Slavkovice-Petrovice ore field and the
central and southern parts of the Rozna-OIsi ore field. All analyses are included in the electronic supplementary material.

Ore field Deposit (No. of samples / No. of analyses) v ¥ Zr Nb w S_REE Th
Brzkov-Polna Brzkov (1/20) 976 1433 1267 46 12 325 6495 0.3
Slavkovice-Petrovice Slavkovice (3/63) 17 3479 20 0.31 1.02 279 11 0.01
Petrovice (2/36) 28 2917 6.5 0.15 0.19 405 4.3 0.02
Nova Ves (1/20) 54 4609 83 0.3 24 225 76 <LOD
Rozna-Olsi (Northern part) Rozsochy (2/25) 1294 3137 1552 3614 1868 477 1056 32
Rozna-Jasan (2/49) 825 2117 496 2743 11 454 467 1.1
Rozna-Olsi (Central and Southern part) Rozna R-1 (2/35) 23 14,490 283 0.5 1.0 101 521 0.8
Milasin (2/41) 21 12,607 135 5.3 0.4 53 229 0.39
Bukov (2/42) 4.8 10,176 30 0.3 0.04 61 30 0.006
Habii (1/19) 80 14,265 158 1.6 0.76 91 587 0.22
Olsi (1/19) 5.1 4678 51 0.19 0.13 28 92 0.08
Total No of samples/No. of analyses 19 / 369
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Fig. 2. a) Laser ablation-inductively coupled mass spectrometry (LA-ICP-MS) record of uraninite with the correct shape; and b) LA-ICP-MS record of uraninite point
analysis contaminated by chalcopyrite mineral inclusions hidden under surface. Such analyses (b) were not further considered in the measured datasets.

occasionally locally brecciated and accompanied by coffinites (Fig. 3a)
or is affected by secondary coffinitization. The detected sulphides
consist mostly of pyrite (Fig. 3b), chalcopyrite, and less commonly
galena, Fig. 3d); these predominantly belong to the pre-(uranium)ore
stage and are commonly spatially associated with later uraninite.
Conversely, Cu sulphoselenide (Fig. 3b), Ni—Co arsenide, montroseite,
or Fe (Oxy)hydroxides are post-dating uraninite mineralizations in the
studied samples. Uraninite mineralization is commonly hosted in thick
hydrothermal carbonate veins predominantly composed of calcite.

5.2. Major and minor elements

Only the domains of unaltered uraninite in each sample were
considered for a detailed investigation of the uraninite compositions
from individual ore fields and/or deposits. This is evidenced by the
relatively high and uniform UO; and low SiO, contents of the analyzed
samples, with median values ranging between 82.45 and 85.79 wt% and
0.61-3.48 wt% for UO, and SiO», respectively (Fig. 4a, Fig. 4c, and
Table 1). Only a few distinctions may be noted in the case of the UO2
concentrations; for example, the Slavkovice deposit is characterized by
the highest UO, contents (median 85.79 wt%; Table 1), whereas ura-
ninite from the Rozsochy and Rozna-Jasan deposits in the northern part
of the Rozna-Olsi ore field show decreased contents with median values
of 82.84 and 83.65 wt%, respectively (Fig. 4a and Table 1). Taken as a

whole, the SiO, contents in uraninite vary considerably among the in-
dividual deposits and ore fields (Fig. 4c). For instance, the lowest values
were recorded in samples from the Milasin, Habri, and Bukov deposits
(median 0.6-0.8 wt%; Fig. 4c and Table 1), occurring in the central part
of the Rozna-Olsi ore field. In contrast, samples from the northern part of
the same ore field represented by the Rozsochy and Roznd-Jasan de-
posits yielded much higher values (median 3.5 and 3.1 wt%, respec-
tively; Fig. 4c and Table 1). Limited variations are also noticeable in the
PbO contents, with more pronounced differences among the deposits
from the Rozna-Olsi ore field (median 2.81-3.89 wt%; Fig. 4b and
Table 1). In turn, the samples from the Brzkov deposit and Slavkovice-
Petrovice ore fields exhibit relatively similar PbO concentrations (me-
dian 3.21-3.7 wt%; Fig. 4b and Table 1). In the case of CaO, an inter-
esting trend can be seen within samples from the Rozna-OIsi ore field,
apparently related to the geographical location of the deposits them-
selves. Note that a significant CaO enrichment occurs in uraninite
especially in the south and central part of the Rozna-Olsi and Slavkovice-
Petrovice ore fields (Fig. 4d).

Electron microprobe analyses were performed to determine the U-
(Th)-Pb chemical ages of several selected uraninite samples covering all
studied ore fields. The calculated apparent ages yielded a relatively
wider range from ca 230 Ma to 310 Ma throughout the dataset. The
majority of compositions from Brzkov yielded somewhat higher but
homogeneous apparent ages of 296 + 3 Ma (weighted mean + 95 %
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Fig. 3. Backscattered electron (BSE) images of selected uraninite samples from the a) Rozna-Jasan, b) Habii, ¢) Slavkovice, and d) Brzkov deposits (see Fig. 1b)
illustrating the massive and colloform textures of the analyzed uraninites. A different BSE contrast scaling was used in figure ¢) to show the subtle variations between
the individual “layers” of colloform uraninite aggregates. The laser ablation craters within the unaltered parts of the uraninite samples are shown in figures b) and d);
Urn — uraninite, Cof — coffinite, Cal — calcite, Py — pyrite, Gn — galena, Cu-S-Se — copper sulphoselenide.

confidence uncertainty). A representative sample from the Slavkovice
deposit (Slavkovice-Petrovice ore field) yielded an apparent chemical
age of 278 + 3 Ma. The ages of two samples from deposits in the
northern part of the Rozna-Olsi ore field were also determined. The
calculated apparent ages of the samples from Rozsochy and Rozna-
Jasan, which were slightly enriched in SiO2 (Fig. 4c), are somewhat
younger at 250 £ 5 Ma and 237 + 3 Ma, respectively. The apparent age
of most samples from the central part of the Rozna-Olsi ore field (Rozna
R-1) was calculated at 253 + 8 Ma and the ages of the samples from OIsi,
the southernmost deposit of this ore field, yielded an apparent age of 277
+ 10 Ma.

5.3. Trace elements

The highest total REE contents (£REE) were typically recorded in
uraninite samples from the Brzkov deposit, commonly exceeding 1 wt%
with an overall median value of 6495 ppm (Fig. 5a and Table 2). The
S_REE contents in uraninite from the Rozna-Olsi ore field vary from low
(median on 96 and 30 ppm for Olsi and Bukov, respectively; Table 2) to
relatively high median values of 521 ppm for Rozna R-1 or 1056 ppm for
the Rozsochy deposit in the northern part of the ore field (Fig. 5a). On
the other hand, the uraninites from the Slavkovice-Petrovice ore field
yielded the lowest ) REE contents. The median values of > REE in
uraninite from the Slavkovice, Petrovice, and Nova Ves deposits are 22,
4.3, and 76 ppm, respectively (Fig. 5a and Table 2).

Four distinctive trends can be observed in the chondrite normalized
(McDonough and Sun, 1995) REE patterns of the deposits/ore fields
from the eastern part of the Moldanubian Zone (Fig. 5¢ and d). An
enrichment of LREE over HREE (Lan/Ybyn 3.41-19.65) with a maximum

of Ce to Nd (Fig. 5¢) was typically recorded in the uraninite samples
from the Brzkov deposit. The relatively flat REE chondrite normalized
patterns of all three deposits of the Slavkovice-Petrovice ore field
(Fig. 5d) illustrate somewhat lower concentrations of LREE (Lay/Yby
0.52-13.13, median 1.07; Fig. 5d) and only a minimal enrichment of
MREE and HREE (Lan/Gdy 0.04-4.68, median 0.91, maximum from Gd
to Tm; Fig. 5d). A LREE dominated pattern (Lay/Yby 1.30-44.42, me-
dian 4.94, Fig. 5¢) with maximum on La and decreasing trend toward
HREE with small positive Gd anomaly can be observed in all samples
from the central and southern parts of the Rozna-Olsi ore field (Fig. 5¢).
Exceptions are the samples from the northern part of the Rozna-OIsi ore
field, where uraninite from the Rozna-Jasan and Rozsochy have
distinctive patterns of HREE enrichment (Lay/Yby 0.29-2.34 and
0.01-1.02, respectively, Fig. 5d) with strong negative Eu anomalies
(Euyn/Euy* 0.37-0.64 and 0.11-0.55, respectively, Fig. 5d).

The abundance of Y (Fig. 5b and Table 2) follows the trend of REEs
with only one exception; the uraninite samples from the Rozsochy de-
posit have higher Y concentrations (median 1552 ppm; Fig. 5b and
Table 2) than those from Brzkov (median 1267 ppm; Fig. 5b and Table 2)
which have the highest REE contents. Although the Th contents (Fig. 6a)
in the uraninite samples from all studied deposits in the eastern part of
the Moldanubian Zone are very low to undetectable (the detection limit
of Th was 0.001 ppm), the trend is relatively similar to those of Y or REEs
(Fig. 5a; Fig. 5b; Fig. 6a). The maximum values of Th were measured in
uraninite samples from the northern part of the Rozna-Olsi ore field - the
Rozsochy and Rozna-Jasan deposits with median values on 32 and 1.1
ppm, respectively (Fig. 6a and Table 2). The samples from Rozsochy and
Rozna-Jasan can be distinguished from those of other deposits also by
their concentrations of other elements; notably, their enrichment in Zr
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Fig. 4. Box-and-whisker plots for major elements in uraninite from individual uranium deposits (and ore fields) analyzed by electron microprobe analysis (EMPA): a)
UO,; b) PbO; ¢) SiO,; and d) CaO. The boxes are framed by 25th and 75th percentiles; the line within the box indicates the median value. The whiskers display the
10th and 90th percentiles and outliers are shown as one symbol representing the Sth and 95th percentiles.

(median 3614 and 2743 ppm, respectively; Fig. 6b) and Nb contents,
especially in samples from the Rozsochy deposit (median 1868 ppm;
Fig. 6d). The samples from all other studied deposits are characterized
by low to very low contents of Zr and Nb, with median values ranging
over 0.15-46 and 0.04-12 ppm, respectively (Fig. 6b, Fig. 6d, and
Table 2).

The Ti contents of the uraninite samples allowed to separate the
studied deposits into two major groups. Uraninites from the Slavkovice-
Petrovice and Rozna-Olsi ore fields, omitting its northern part, yielded
low Ti contents which were below the detection limit of 1.1 ppm in
many analyses (median range 4.8-80 ppm; Fig. 6¢ and Table 2). In
contrast, the uraninites from Brzkov, Rozsochy, and Rozna-Jasan have
much higher Ti contents with median values on 976, 1294, and 825
ppm, respectively (Table 2).

Differences between individual ore fields or deposits could also be
observed to a certain degree among their V and W contents (Table 2).
Beside the selected trace elements, some other measured elements also
exhibit concentrations of hundreds or even thousands of ppm (e.g., Na,
Mg, P, Mn, Fe, As, Sr, or Ba; see the supplementary materials). However,
with only a few exceptions, there are not such significant differences
between individual ore fields or deposits as was shown by the concen-
trations of selected trace elements.

6. Discussion
6.1. Division of regional groups based on uraninite geochemistry

The EMPA and LA-ICP-MS analyses clearly indicate that the minor
and trace elements associations in the studied uraninite samples are not
uniform among the deposits of the eastern part of the Moldanubian Zone
(the Western Moravian U province). Box-and-whiskers plots for indi-
vidual elements along with chondrite normalized REE patterns allowed
us to earmark four groups based on uraninite minor and trace elements
association that in fact, are also regionally conditioned (Fig. 1b and
Fig. 7). Different geochemical signatures of uraninite are not randomly
dispersed in the Western Moravian U province, but there is a solid
interconnection of the identified groups with individual deposits or even
ore fields (Fig. 7).

The southern and central parts of the Rozna-Olsi ore field can be
distinguished as one group characterized by distinctive chondrite
normalized REE patterns (Fig. 5¢ and Fig. 7), high V concentrations
(Table 2), significant CaO contents (Fig. 4d and Table 1), and a depletion
of high field strength elements (HFSE) (Fig. 6a-d and Table 2). A sharp
change in the geochemical signature was identified in the uraninite
samples from the northern part of the Rozna-Olsi ore field represented
by the Rozsochy and Rozna-Jasan deposits. The principal difference
with other groups is represented by a strong HFSE enrichment (Fig. 5a;
Fig. 5b; Fig. 6a-d and Table 2), entirely different REE patterns with a
distinct Eu anomaly and an increase of HREE (Fig. 5d), low CaO contents
(Fig. 4d and Table 1), and slightly higher SiO, contents (Fig. 4c and
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Fig. 5. Box-and-whisker plots for Y_REE (a) and Y (b) in uraninites from individual uranium deposits and ore fields of the eastern part of the Moldanubian Zone
analyzed by laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS). Y REE is calculated as the sum of all lanthanides (La—Lu). The boxes are
framed by the 25th and 75th percentiles; the line within the box indicates the median value. The whiskers display the 10th and 90th percentiles and outliers are
shown as one symbol representing the 5th and 95th percentiles; b) chondrite normalized (McDonough and Sun, 1995) REE patterns illustrating four distinctive trends
for uranium deposits/ore fields from the eastern part of the Moldanubian Zone. The lines represent the median values calculated from all analyses of a given group
and the coloured fields are delimited at the top by maximum and at the bottom by minimum values for individual normalized REEs (n = x in brackets indicates the

number of analyses for each group).

Table 1). The uraninite samples from Slavkovice-Petrovice ore field,
located some 5 km to the NW from the northern end of the Rozna-Olsi
ore field, have contrasting minor and trace element compositions
characterized by overall low contents of trace elements (Table 2) and
relatively flat REE patterns with a slight M- and HREE enrichment
(Fig. 5d and Fig. 7). Significant is their high CaO contents (Table 1) and
somewhat increased W concentrations (Table 2) relative to the deposits
of the central and southern parts of the Rozna-OIsi ore field. The sig-
natures of the studied uraninites from the Brzkov deposit (Fig. 1b),
which related to the more westerly Pribyslav mylonite zone, show some
similarities with those of the northern part of the Rozna-Olsi ore field,
especially in their slightly increased HFSE contents (Fig. 6 a-d). How-
ever, the chondrite normalized REE pattern (Fig. 5c¢) as well as the
overall high contents of > REE (Fig. 5a and Table 2) are the main
distinctive feature of this group.

6.2. Major and minor element chemistry — role of alteration, substitution,
and lithological controls

Coffinitization, the most common alteration process affecting ura-
ninite under reducing conditions (Janeczek and Ewing, 1992b; Alex
andre and Kyser, 2005), represents a prevailing form of hydrothermal
alteration of uraninite observed in samples from the investigated ore
fields and may significantly influence the major and trace element
compositions of the former. Coffinite contains significant amounts of

Si02, hydroxyl groups, and incomparably lower concentrations of UO,
relative to uraninite (Guo et al., 2015; René et al., 2019; Szenknect et al.,
2020). The uraninite samples from Roznd-Jasan and Rozsochy have
somewhat elevated SiO, contents (Fig. 4c) and, in contrast, the SiO»
depleted uraninite samples from the Slavkovice-Petrovice ore field show
strong negative correlation between SiO» and UO; (Fig. 8a; Pearson’s
coefficients of —0.74, —0.86, and -0.77, respectively). The SiO2 contents
in uraninite, especially when manifesting a negative correlation with
UO,, may indicate the onset of the coffinization process. However, the
high UO, contents (Fig. 4a, Table 1) and low concentrations of non-
structural elements such as SiO, (Fig. 4c¢, Table 1), along with the BSE
imaging (Fig. 3a-d) of the studied uraninite samples reflect only negli-
gible and/or strongly limited effects of post-crystallization alteration
and thus allowed us to assess and compare their primary compositions.

Both EMPA and LA-ICP-MS analyses confirm Ca (CaO) as the element
with the highest concentration after U (UO2) among all measured ele-
ments (Table 1). Only 2-5 pm EMPA beam size and the LA-ICP-MS
ablation records of Ca identical to U records advocate uraninite
geochemical signature unaffected by contamination caused e.g., by
micro inclusions of hydrothermal calcite that represent the main gangue
mineral in all studied uraninite samples and often intimately grown
together with uraninite (Fig. 3a-d). Ca®" (1.112 A) has a very similar
ionic radius to that of U*" (1 A, Shannon, 1976), and thus, it can
structurally substitute for ions as has frequently been discussed in the
literature (Janeczek and Ewing, 1992a; Alexandre and Kyser, 2005;
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Fig. 6. Box-and-whisker diagram displaying the concentration of selected high field strength elements (HFSE); (a) Th, (b) Zr, (c) Ti, and (d) Nb in uraninite samples
from individual uranium deposits (and ore fields) in the eastern part of the Moldanubian Zone measured by laser ablation-inductively coupled plasma mass spec-
trometry (LA-ICP-MS). The boxes are framed by the 25th and 75th percentiles; the line within the box indicates the median value. The whiskers display the 10th and
90th percentiles and outliers are shown as one symbol representing the 5th and 95th percentiles.

Frimmel et al., 2014; Alexandre et al., 2015). The strong negative cor-
relation of CaO and UO; (Fig. 8b, Pearson’s coefficient -0.89) observed
in the uraninite samples from the Slavkovice-Petrovice ore field may
suggest a such crystallographic control. However, the samples from
other localities do not manifest such a strong negative correlation, and
the uraninite samples from Rozsochy even exhibit a somewhat positive
correlation between UO» and CaO (Fig. 8b). Moreover, the CaO contents
show significant variations between individual localities along with a
gradual change recorded by increasing CaO contents from north to south
in the Rozna-OIsi ore field (Fig. 4d). We suggest that such chemical
variations may be caused by the interaction of U ore-forming fluids with
Ca-rich lithologies such as marbles or erlans (calc-silicate rock) occur-
ring in varying degrees throughout the entire studied area (the Varied
group of the Moldanubian Zone). For example, Bajer (1970) and Suran
et al. (1965) previously discussed in reports from the U exploration
campaign of the Slavkovice-Petrovice ore field that marbles and erlans
played a significant role in U ore formation when slightly inclined ura-
ninite veins often followed the sequences of these Ca-rich lithologies.
This finding is further supported by the CaO concentrations (median
6.7-7.5 wt%, Fig. 4d and Table 1) measured in the uraninite samples
from the Slavkovice-Petrovice ore field. Similarly, lenses of marbles and
erlans were previously also described in samples from the Rozna and
Olsi mines (Arapov et al., 1984; Kribek et al., 2009).

6.3. Chemical U-(Th)-Pb dating of uraninite

The time span of the calculated uraninite U-(Th)-Pb chemical ages
from the individual studied deposits appears to be relatively wide (230
to 310 Ma, as seen in Fig. 9). The interpretation of whether the apparent

ages calculated from uraninite compositions represent a real geological
event (uraninite crystallization) or if they are instead artifacts of post-
crystallization gains or losses of mass can be a challenging task (e.g.,
Kempe, 2003; Alexandre and Kyser, 2005; Alexandre et al., 2015; Ozha
et al., 2017). For example, the significant drop in the calculated
apparent age due to increasing SiO; contents documented by Martz et al.
(2019a) could agree with the relatively lower apparent ages (Fig. 9)
calculated for the slightly SiO, enriched (Fig. 4c and Fig. 8a) uraninite
samples from the Rozsochy and Rozna-Jasan deposits. The EMP analyses
of all studied uraninite samples from the Rozsochy deposit show a
negative correlation between PbO and SiO, (Pearson’s coefficient of
—0.69) that could indicate Pb loss and increasing SiO, contents (possibly
onset of coffinization). Such a process may have a significant influence
on the U-(Th)-Pb chemical age calculations resulting in somewhat lower
apparent ages. However, a very good agreement with previously pub-
lished isotopic bulk-phase U—Pb uraninite dating (270-280 Ma,
Anderson et al., 1988), K—Ar ages of illite from ore substage alteration
(264 + 4.3 to 277 + 5.5, Kribek et al., 2009), and authigenic monazite
(268 + 50 Ma, Kribek et al., 2009) from the Rozna deposit as well as the
individual studied uraninite samples (especially those with rather low
SiO, contents) imply that the calculated chemical ages close to ca.
260-280 Ma (Fig. 9) represent the origin of the uraninite mineralization.

6.4. REE and HFSE distribution in uraninites controlled by fluid-rock
interaction processes

The REE chondrite normalized patterns characterized by slight LREE

enrichment and a decreasing trend toward HREE observed in samples
from the central and southern parts of the Rozna-OIsi ore field as well as
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Fig. 8. Binary diagrams of SiO (a) and CaO (b) contents against the UO; concentrations of uraninite from the eastern part of the Moldanubian Zone analyzed by
electron microprobe analyses (EMPA) with linear regression lines and calculated Pearson’s correlation coefficients.
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Fig. 9. Frequency distribution curves of the U-(Th)-Pb electron microprobe
analysis (EMPA) ages of uraninite. The frequency values shown on the vertical
axis are given by the sums of the frequency distribution corresponding to in-
dividual point analyses. Certain compositional domains yielded somewhat
younger ages (dashed sections of the curves) compared to most compositions
from the particular locality; these are interpreted as artifacts caused by slight Pb
loss (see text for further details) and were not considered in the statisti-
cal evaluation.

the Brzkov deposit (Fig. 5¢ and Fig. 7) have previously been described by
several authors (Mercadier et al., 2011; Frimmel et al., 2014; Alexandre
et al., 2015) as being common for vein-type U deposits. It is widely
accepted that the REE patterns of uraninites in low-temperature vein-
type deposits reflect their potential REE source (e.g., monazite, apatite;
Alexandre et al., 2015). Monazites that commonly exhibited LREE-
enriched patterns (Henderson, 1984; Dill, 1994; Zhu and O’Nions,
1999; Péerez-Soba et al., 2014) were previously suggested as a potential
source of U (and REE) for deposits due to processes related to its alter-
ation and subsequent elemental mobility (e.g., Cuney and Mathieu,
2000; Hecht and Cuney, 2000). Monazites, and to the certain degree
titanites, have been considered to be one of the main U sources for the
Roznd deposit (Leichmann et al., 2002; Kribek et al., 2009; Kribek et al.,
2022) since they are the main carriers of U, Th, and LREE in the meta-
pelitic rocks of the eastern part of the Moldanubian Zone.

However, a distinct change in REE chondrite normalized patterns
showing LREE depletion, significant Eu anomalies, and a slight enrich-
ment toward HREE (Fig. 5d and Fig. 7) were observed in samples from
the northern part of the Rozna-Olsi ore field (Rozna-Jasan and Rozsochy

deposits). Such a trend has previously ascribed to magmatic/intrusive or
Na-metasomatism-related U deposits (Mercadier et al., 2011; Frimmel
et al., 2014; Alexandre et al., 2015). The metamorphic host rocks of all
the studied U deposits, absence of time-corresponding intrusion (similar
to the age of the U mineralization) and low-temperature nature of the U
mineralization provide the main evidence against such an intrusion-
related origin of the Rozsochy and Rozna-Jasan deposits. On the other
hand, the uraninite samples of these two deposits in the northern part of
the Rozna-Olsi ore field also contain higher abundances of HFSEs
(Figs. 5a-b, 6a-d, Table 2) that commonly become concentrated during
the final stages of magmatic fractionation processes (e.g., Marks et al.,
2008). Such variations in uraninite REE chondrite normalized patterns
as well as HFSE concentrations in one ore province could be explained
by lithologically controlled processes and fluid-rock interactions rather
than in the diversity of genetically related types of U deposits. The li-
thologies that may play a major role in such processes include the
ultrapotassic syenites (durbachites) of the Trebic pluton and its satellite
bodies (Fig. 1b) since they typically exhibit high abundances of REE- and
HFSE-bearing phases such as fluorapatites, zircons, titanites, allanites,
or thorites (Janousek et al., 2020). Other supporting evidence includes
the original size of the Trebic pluton which used to be much larger, and
indeed, the intrusion probably reached the present position of the U
deposits of the Rozna-Olsi ore field (Leichmann et al., 2017). In general,
zircons exhibit REE chondrite normalized pattern that share some fea-
tures (negative Eu anomalies, HREE enrichment; e.g., Hoskin and
Ireland, 2000; Pérez-Soba et al.,, 2014) with the REE chondrite
normalized patterns observed in the uraninite samples from the north-
ern part of the Rozna-OlIsi ore field (Rozsochy and Rozna-Jasan deposits;
Fig. 5d and Fig. 7). It is likely that the ore-forming fluids could bear these
elements as a result of REE and HFSE remobilization from metamict
zircons during the formation of the studied U deposits, as previously
demonstrated for highly alkaline igneous rocks that are spatially asso-
ciated with the Trebi¢ pluton (Kubes et al., 2021). Indeed, the enhanced
mobility of U, Zr, Y, and REEs enabled by the infiltration of oxidized
Permo-Carboniferous basinal water into the crystalline rocks of the
eastern part of the Moldanubian Zone was previously described by Rene
(2008) and Kribek et al. (2009) further considered this infiltration as the
process that may have prompted U mobility. The role of Permian basinal
brines in U extraction was also previously discussed for the genesis of
hydrothermal vein U deposits in Variscan granites from the Massif
Central, France (e.g., Turpin et al., 1990). More recently, the processes
of basinal brines interacting with highly-microfracturated basement
rocks were described as being a very important factor for the genesis of
unconformity-related U deposits (e.g., Martz et al., 2019b). Such
oxidized fluids could have originated from Permian basins that were also
unconformably covering the eastern margin of the Moldanubian Zone
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(Pesek et al., 2001; McCann et al., 2006), and these fluids could effec-
tively affected, decomposed, and mobilized HFSEs from accessory
minerals, particularly metamict zircons from the Trebic pluton (Kubes
etal., 2021; Janousek et al., 2020). A remaining question is why such a
strong HFSE enrichment was developed only in the uraninite samples of
these two particular deposits and not in other deposits of the Rozna-Olsi
or nearby Slavkovice-Petrovice ore fields. To judge the potential role of
local tectonic structures or formerly overlying lithologies which are now
eroded is beyond the scope of this study and would require further
research. Overall higher REE concentrations (median ca 6500 ppm and
the highest values up to 1.1 wt% Y _REE; Fig. 5a, Table 2) and somehow
elevated HFSE contents, mainly Y and Ti (Fig. 5b and Fig. 6¢) and to a
lesser extent also Zr and Nb (Fig. 6b,d) in the uraninite samples from the
Brzkov deposit that is located in the vicinity of the Trebic pluton
(Fig. 1b) may further support the essential role of ultrapotassic syenites
that likely drove the HFSE enrichment of uraninite in Eastern
Moldanubicum.

Although the total REE contents are very low in the uraninite sam-
ples from the nearby Slavkovice-Petrovice ore field (Fig. 7), the REE
chondrite normalized patterns are entirely different from those of
samples derived from the other localities, showing relatively flat pat-
terns resembling a very slight “bell-shaped” enrichment in MREE to
HREE (Gd-Tm; Fig. 5d and Fig. 7). Exactly these REEs have ionic radii
(from 1.053 A for Gd** t0 0.994 A for Tm**) most similar to that of U**
a A, VIII coordination) (Shannon, 1976). This finding together with the
above mentioned strong negative correlation of CaO with UO2 support
the substitutional structural position of these minor and trace elements
in the uraninites of the Slavkovice-Petrovice ore field.
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6.5. Limited application of trace elements in uraninite as a function of the
deposit type

Trace elements, especially REE systematics, in samples of uraninite
or U ore concentrates have been considered by many authors as a
functional tool for discriminating between different types of U deposits
(Bonhoure et al., 2007; Mercadier et al., 2011; Depiné et al., 2013;
Frimmel et al., 2014; Alexandre et al., 2015; Spano et al., 2017). The
observed variations in trace elements as well as REE in uraninite from
one U province (Fig. 5¢; Fig. 5d; Fig. 7) raise the question of the extent to
which such a tool can be applicable. Taking account that the grouping of
“vein-type” U deposits as a deposit type is no longer recommended (e.g.,
IAEA, 2018), Alexandre et al., 2015 considered the chemical composi-
tion of uraninite from vein-type deposits (category) to be the most
variable among all studied deposit types. It is in accordance with a
variegated geochemical composition and the mineralization/morpho-
logical style of the studied samples representing so-called “vein-type”
ores (Dahlkamp, 2016; Kribek et al., 2009; Arapov et al., 1984). On the
other hand, the most common LREE dominated chondrite normalized
patterns described for the vein-type category (Alexandre et al., 2015;
Frimmel et al., 2014; Mercadier et al., 2011) disagree with the observed
variations in the REE patterns of individual ore fields and/or deposits in
the eastern part of the Moldanubian Zone. Frimmel et al. (2014) and
Mercadier et al. (2011) also used a ratio of ) REE to (3 LREE)y/
(3_REE)y for distinguishing deposit types (Fig. 10). Our data was pro-
jected together with uraninite geochemical analyses from different types
of U deposits worldwide published in the works of Mercadier et al.
(2011), Frimmel et al. (2014), and Eglinger et al. (2013) using the same
>"REE versus LREE/HREE fractionation (Fig. 10).

Very different REE concentrations ()_REE median values 4.3-6495
ppm and LREE/HREE fractionation of 0.03-15.7; Fig. 5a and Fig. 10,
respectively) of uraninites in deposits from the eastern part of the

Fig. 10. Total REE abundances versus

100000 chondrite normalized LREE/HREE fraction-
ation. The fields of domains for individual
deposit types were drawn based on analyses
of uraninites located outside the eastern part
of the Moldanubian Zone; (1) Jachymov,
Pifbram analyzed within the Geobarr project

10000 (unpublished); (2) Frimmel et al. (2014); (3)
Mercaider et al. (2011); Eglinger et al
(2013). Most of the analyses by Mercadier
et al. (2011) were performed using second-
ary ion mass spectrometry (SIMS) and Gd
and Yb could not be measured due to in-
1000 . terferences. The total REE abundance of our
T a ! data and that of Frimmel et al. (2014) were
s + B EEype therefore also calculated without Gd and Yb.
e This was also considered in the calculation
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Moldanubian Zone projected the analyzed uraninite samples to almost
all field of domains for individual deposit types (Fig. 10). On the other
hand, the individual ore fields and/or deposits form clusters similar to
the groups which are also distinguished by other minor or trace ele-
ments. Possibility, that individual ore fields and/or deposits of the same
age and mineralization style within the Western Moravian U province
having such diverse ore deposit geneses is unrealistic and points to the
rather limited functionality of REE systematics for the discrimination of
deposit types. The fractionation of REEs in hydrothermal systems will be
rather governed by the various physico-chemical conditions (tempera-
ture, ligands, chemical composition) of ore-forming fluids (e.g., Migdi
sov et al., 2016). However, similarities with other deposit types can
further support the hypothesis of a more complex genesis of uranium
deposits in the eastern part of the Moldanubian Zone. For example, some
analyses from the Rozsochy or Brzkov deposits that are also enriched in
HFSEs indicate in the graph (Fig. 10) close positions with analyses of
uraninites from magmatic/intrusive type of deposit. Indeed, some in-
fluence of the ultrapotassic syenite magmatic suite should be considered
when interpreting the origin of these two deposits. The uranium
mineralization in the Slavkovice-Petrovice ore field is associated with
hydrothermal calcite veins and exhibits well developed botryoidal tex-
tures (Fig. 3c) typical for low-temperature uraninites; these deposits are
also characterized by the lowest > REE contents (Fig. 5a) among all
studied deposits and their REE patterns are not unlike those described as
being “bell-shaped” (Fig. 5d and Fig. 7) also characteristic of deposits
with a low-temperature hydrothermal nature (Mercadier et al., 2011).
Moreover, some analyses fall into the domain assigned to unconformity-
related deposits (Fig. 10). The link between U ore-forming events in the
eastern part of Moldanubian Zone and unconformity-related U deposits
can be supported by processes involving the fluid-driven alteration of
various mineral phases (e.g., zircons, titanites), mobilization of U and
many other trace elements by oxidized fluids and/or basinal brines
described from the Rozna deposit (Kribek et al., 2009, 2022; Rene,
2008). The same processes of the fluid-driven alteration and HFSE
mobilization was described also from marginal part of the ultrapotassic
syenites of the Trebi¢ pluton (Fig. 1b; Kubes et al., 2021). These pro-
cesses together with fluid-rock interactions are considered important
features in the genesis of unconformity-related U deposits (e.g., Hecht
and Cuney, 2000; Martz et al., 2019b). Further considering the timing of
the U mineralization (Fig. 9), the basinal fluids probably originated from
the now eroded Permian sedimentary basins that covered the area, and
the fluids may have interacted with the basement rocks beneath these.
These processes of ore-forming fluids interacting with variegated base-
ment lithologies typical for the eastern part of the Moldanubian zone
provide suggested explanation for the variations in minor and trace el-
ements in the uraninites of the studied area.

7. Conclusions

A complex study of the geochemical composition of uraninite sam-
ples from a whole ore province in the eastern part of the Moldanubian
Zone included over 600 combined EMPA and LA-ICP-MS analyses. The
following conclusions can be drawn:

o Uraninites from one ore province represented by mineral deposits of
the same genesis, mineralization style, and timing exhibit a signifi-
cant variability in minor and trace elements composition.

o The geochemical signatures of uraninites can be distinctive on an ore
field scale. According to the uraninite geochemistry, four groups
(Brzkov, Slavkovice-Petrovice ore field, northern part of the Rozna-
Olsi ore field, and central/southern part of the Rozna-Olsi ore field)
can be distinguished within the U ore province.

e The described variations in minor elements such as Ca, trace ele-
ments, as well as chondrite normalized REE patterns on the ore field
or deposit scale also suggest certain limitations for the use of REE
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patterns in provenance studies or to distinguish deposit types, at least
in low-temperature U mineralizing hydrothermal systems.
HFSE and ) REE enrichment, as well as the negative Eu anomalies
typically observed in uraninite from intrusion/magmatic related
deposits, can also be present (e.g., > REE up to 1 wt% of, Zr up to 2
wt%) in uraninites from low-temperature vein style mineralizations.
Backscattered electron imaging, detailed ablation signal observa-
tions, very high contents of U (UO, medians mostly about 85 wt%),
and low concentrations of SiO, in all the studied samples except
those from the Rozsochy and Rozna-Jasan deposits support a rather
minimal rate of alteration and/or risk of ‘contamination’ of the
uraninite samples by hidden fluid and/or mineral inclusions.

o The high concentrations of Ca (e.g., median of 7 wt% of CaO in the
samples from the Slavkovice-Petrovice ore field) indicate large
amounts of Ca in the environment during uraniferous mineralization
events in the eastern part of the Moldanubian Zone. Spatial links
between the mineralized structures and Ca-rich lithologies (marbles
and calc-silicate rocks) may also suggest the role of lithological
controls (fluid-rock interactions) in defining the geochemical
composition of the analyzed uraninites.

o The interaction of ore-forming fluids with the variegated lithological
compositions present in the eastern part of the Moldanubian Zone as
well as with erosion relicts of the formally much larger ultrapotassic
syenites of the Trebi¢ pluton may explain the significant variations in
uraninite geochemistry observed in samples from individual ore
fields.

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.gexplo.2022.107111.
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LA-ICP-MS and solution based ICP-MS in combination with electron microprobe are presented as a
method for the determination of the elemental spatial distribution in fish scales which represent an
example of a heterogeneous layered bone structure.

Two different LA-ICP-MS techniques were tested on recent common carp (Cyprinus carpio) scales:

(a) Aline scan through the whole fish scale perpendicular to the growth rings. The ablation crater of 55 um
width and 50 um depth allowed analysis of the elemental distribution in the external layer. Suitable
ablation conditions providing a deeper ablation crater gave average values from the external HAP layer
and the collagen basal plate.

(b) Depth profiling using spot analysis was tested in fish scales for the first time. Spot analysis allows

Metal information to be obtained about the depth profile of the elements at the selected position on the

Spatial distribution sample.

The combination of all mentioned laser ablation techniques provides complete information about the
elemental distribution in the fish scale samples. The results were compared with the solution based ICP-
MS and EMP analyses. The fact that the results of depth profiling are in a good agreement both with
EMP and PIXE results and, with the assumed ways of incorporation of the studied elements in the HAP
structure, suggests a very good potential for this method.

1. Introduction
1.1. LA-ICP-MS in fish analysis

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) is a technique commonly used for the direct analysis
and microanalysis of solid samples [1-3]. The field of LA-ICP-MS
applications is at present very wide — from bulk analysis of vari-
ous types of materials, local analysis, to depth profiling or spatial
elemental analysis [4,5]. The character of the spatial LA-ICP-MS
analysis or depth profiling mainly depends on the laser ablation
conditions such as size of the ablation spot, pulse energy or shape
of the ablation crater [6-8]. With all conditions adjusted for the
specific application, the LA-ICP-MS method can even provide infor-
mation of elemental concentration gradients across small targets
or across a defined section of a multilayer sample [9].

* Corresponding author.
E-mail addresses: jkalvoda@centrum.cz, dino@sci.muni.cz (J. Kalvoda).

0169-4332/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2010.09.029

© 2010 Elsevier B.V. All rights reserved.

The elemental analysis of the age-structured bone structures
has become an integral part of environmental science and fish-
eries. The most common research focuses on the fish otoliths and
can provide information about stock discrimination, fish migration,
population dynamics or environmental reconstruction [10,11]. The
fish scale, as another bone structure, is also used for the same pur-
pose as otoliths but the bone analysis is not so popular. The more
complicated structure of the fish scale makes the analysis more
intricate and the different scale mineralogy (Ca deficient hydrox-
yapatite Cajo(PO4)s(OH);) contributes to a higher concentration
of most elements. Nevertheless, the scale analysis is a non-lethal
method and can thus be very useful for the illustration of both water
contamination and migration during the life span of a fish. Since
the pioneering work of Countant and Chen [12] focused on the dis-
tinction between freshwater and estuarine striped bass, LA-ICP-MS
has been used to determine scale chemistry in various applications.
Typically it has been used for marine fish such as the spot analysis
of a specific area to compare different wild and farmed stocks of
salmon [13], the spatial distribution analysis of metals among the
growth annuli of the Artic grayling scales [ 14] and for the identifica-
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_;y N lateral field

anterior part
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Fig. 1. Dorsal view of the fish scale of the common carp cut to posterior and anterior
part for sample dilution. Anterior part divided in the anterior and lateral fields is
covered by other fish scales while posterior field is in contact with water.

tion of the migration history of the natal stream origin of westslope
cutthroat trout [15] and north sea houting [16].

The correlation between scale and otolith analytical results con-
firms that the scale method may provide a non-lethal alternative
to otoliths for fish chemistry. Another work using LA-ICP-MS anal-
ysis proves fish scales as a useful environmental marker [17,18].
Recently, laser ablation of fish scales was applied to the study of
environmental contamination and rapid changes in the chemical
composition of hydroxyapatite during very early diagenetic pro-
cesses [19,20] and the fish position in the trophic pyramid [20].

Solution based ICP-MS was applied [21] for the correlation
between scales, otoliths and other fish tissues and to study the
life-history of juvenile spot [22].

In addition to the already widely applied line or spot scans, a
method of depth profiling combined with an electron microprobe
was used for the first time in this paper.

1.2. Fish scale morphology and structure

Fish scales are skeletal elements, of dermal origin, that grow
shingle-like from pockets within the skin and provide protection.
The distinct scale focus (first formed) almost in the center divides
the scale into anterior (rostral), posterior (caudal) and lateral fields
(Fig. 1). The posterior part covered with epidermis and mucus is
exposed (i.e. in contact with water) and firmly embedded in the
skin, while anterior and lateral fields are deeply embedded within
the dermis and overlapped by other scales [23,24]. The dorsal
(external) side of the scale (Fig. 1) is ornamented by concentric
ridges called circuli produced at the margin of the scale as the fish
grows. Year marks (annuli) are characterized by closely spaced or
incomplete circuli at both sides of the scale. As a fish becomes older,
growth rate slows down, annuli become closer together and the
precise age determination is more difficult [24].

Transverse sections through the scale reveal the characteristic
layered organization. Below the epidermal and dermal scale cov-
ering, the scale is mainly composed of two superimposed layers.
The thin external well-mineralized osseous layer with randomly
arranged thin collagen fibres embedded in a proteoglycan matrix
which compares to dentin or woven bone [25,26]. Sometimes, a
very thin (about 1pm) hyper-mineralized limiting layer nearly
devoid of collagen is distinguished at the surface of the osseous
layer analogous to enamel. The basal plate is a thick layer of incom-

pletely mineralized tissue composed of several layers of collagen
fibrils organized into a plywood structure [27-35]. While there is
a general decrease in thickness of the basal plate from the focus to
the growing tip of the scale, the thickness of the osseous layer does
not change significantly [36,37].

Similar to bones, the osseous layer is composed of hydrox-
yapatite (HAP) [25]. Biological apatites occur mainly in the form
of poorly crystallized nonstoichiometric nanostructured Ca defi-
cient carbonate-bearing HAP with a high vacancy content and a
significant amount of foreign ion substitutions. Consequently, the
hydroxy! concentration in biological apatites is considerably lower
than in synthetic HAP [38-40] which is also the case for fish scales
[34].

2. Samples
2.1. Sample characterization

Two scales were obtained from an individual of the common
carp (Cyprinus carpio) living in Brno reservoir in South Moravia,
Czech Republic. The age of the carp was estimated from the
scale growth rings at 2 years. The thickness of the scales and
the individual layers were measured from the scale cross-section
by backscattering electron microscopy (BSE). The thickness of the
external layer changes from 50 to 100 pm; the collagen plate was
70 pm thick (Fig. 4a).

2.2. Sample preparation

The scales were first cleaned of impurities, mucilage and the
thin transparent skin exuding the mucilage. The cleaning procedure
was based on the sonication by 5% hydrogen peroxide (Perhydrol®,
p.a.) in an ultrasonic bath for 5 min and subsequent brushing. The
brushing was undertaken using a tooth-brush, the surface of the
scale was observed by a binocular microscope. The procedure was
repeated three times.

2.2.1. LA-ICP-MS

The spatial LA-ICP-MS analysis requires a sample with sufficient
straightness so as to allow application of a linear scan (or raster)
across the whole surface area. After cleaning, the scale was moist-
ened by ultra pure water and the wet scale placed between two
microscopic slides and dried in the gel dryer (vacuum heated gel
dryers) at 60°C for 1h. To secure the scale before any wrenching,
the bottom part of the scale was fixed on the microscopic slide with
double side tape, covered by the second microscopic slide and left
under weight-bearing books for few days.

2.2.2. ICP-MS

The scales were air-dried after cleaning (described above). Two
scales were analyzed as an entire sample, three scales were cut into
to two parts — posterior and anterior, by plastic scissors (Fig. 1).
Mineralization was realized by microwave digestion in a mixture
of 4ml of HNO; (65%) and 2 ml of H,0, (30%). The solutions were
topped up with deionized water up to 100 ml volume.

2.2.3. EMP

For the EMPA measurement two kinds of samples were pre-
pared: (i) the carp scales were fixed to a glass slide by double sided
tape and subsequently coated with carbon. (ii) Perpendicular sec-
tion - the scale sections were mounted in epoxy discs, polished and
carbon coated.
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3. Experimental
3.1. LA-ICP-MS

Laser ablation was performed using a pulsed Nd:YAG laser
system UP 213 (New Wave Research, Inc., Fremont, CA, USA) work-
ing at 213 nm wavelength and using a pulse duration of 4.2 ns.
The ablation system is equipped with a 33-cm?® SuperCell (New
Wave Research) designed to enable rapid eluting of the ablation-
generated aerosol in a large format cell. Helium was used as a carrier
gas with a flow rate of 11min~"'. The aerosol was transported from
the ablation cell through a 1-m long polyurethane transport tube
(i.d. of 4 mm) to the ICP discharge of the quadrupole mass spectrom-
eter (ICP-MS Agilent 7500ce, Agilent Technologies, Santa Clara, CA,
USA).

Line scans were applied throughout the whole fish scale per-
pendicular to the growth rings. The spot diameter was 40 pm, scan
speed 40 um s~ and arepetition rate of 10 Hz. The integration time
of 1.6 s allowed recording of the information about the signal of iso-
tope intensities at each 65 pum of the line (the lateral resolution was
65 wm). The fluence was set to 8] cm~2 and provided an ablation
crater of 50 wm depth allowing analysis of the external HAP layer.
The following isotopes were monitored during the LA-ICP-MS scan
measurements: 26Mg, 31P, 42Ca, 5>Mn, 55Fe, 667Zn, 86Sr and 208pb.
The external calibration was performed using the standard refer-
ence material (SRM) — SRM NIST 1486 (bone meal powder). The
bone meal powder was prepared for the ablation as a pressed pel-
let without any additional binder using a manual hydraulic press.
Calcium was used as an internal standard; the Ca content in each
part of the sample was obtained from EMP analysis. The limits of
detection for the elements of interest in the line scan were defined
as MD =30/(S/c) (where ¢ is standard deviation of background, S
is signal of isotope and c is concentration of element) on follow-
ing isotopes: 2*Mg 15 ngg ', 3'P80pgg !, 42Ca70 ngg !, >>Mn:
1.2pugg !, 56Fe: 2.5 ugg !, %6Zn: 59 pngg !, 8Sr: 8.5pugg !, and
208ph 0.05 g g~ !. The pressed bone standard was used for the sig-
nal repeatability calculation. Ten repetitions of line measurements
were carried out on the pellet. The RSD reached 4.5%.

The depth profiling was performed using 100 pum spot ablation
with a repetition rate of 4Hz and fluence of 3.5]Jcm~2. To obtain
signals with sufficient depth resolution, a limited number of iso-
topes were monitored during one measurement so as not to exceed
the integration time of 0.2 s. In this way three groups of isotopes
were monitored separately, during three measurements on a dif-
ferent sample area (1st group: 42Ca, 3'P, 56Zn, 2nd group: 42Ca, '2C,
86Sr, 3rd group: 42Ca, 26Mg, >°Fe, 208Pb). 42Ca was presented in each
group to serve as a “control” isotope. The depth resolution (Az) was
determined from the average ablation rate (AAR) and the number
of the laser pulses between 16 and 84% of the maximum intensity
of the depth profile graph (Ap): Az= Ap x AAR [41,42]. The depth
resolution of C was 25 wm. The rest of the elements allowed depth
profiling with a resolution of 10 pm.

3.2. ICP-MS

The ICP-MS instrument Agilent 7500ce (Agilent Technologies,
Santa Clara, CA, USA) was used for the analyses of solutions. The
instrument was operated with switched-in collision cell in He-
mode for elimination of possible polyatomic interferences. Two
sets of multielemental calibration solutions were prepared by the
appropriate dilution of certified stock solutions Astasol® (made by
Analytika, Ltd.) containing (1.000+0.002)gl~! of each element.
One set of solutions was used for calibration of major elements
(Ca, P, Mg), while the other was employed for trace elements. The
following nuclides were selected and used for the ICP-MS analysis:
24Mg, 3P, 43Ca, >Mn, *6Fe, 56Zn, 86Sr, and 208Pb.

LA-ICP-MS
depth
profiling

Fig. 2. Fish scale 1 with marked trajectories for LA-ICP-MS and EMP analysis.

3.3. Electron microprobe

Elemental abundances of Na, Ca, P, Fe, Mn, Mg, Si, Al, Sr, Zn, Pb, F
and Cl in fish scales were determined using a CAMECA SX100 elec-
tron microprobe (Masaryk University and Czech Geological Survey
Brno) equipped with a five wavelength dispersive spectrometer
(WDS). The WDS analyses were performed on the carbon coated
unpolished surface of the scales under the following conditions:
accelerating voltage 15kV, beam current 4 nA, and beam scanned
area 50 x 35 pm. The homogeneous synthetic phases and well-
defined minerals were used as standards. Raw data was converted
into concentrations using the appropriate PAP matrix corrections
[43]. The peak counting times were 20s for Ca and P and 40-60s
for other elements. Under these conditions the average detection
limits were as follows: ~1000 p.gg~' for F; ~700 n.gg~! for Na, Fe,
Mn, Zn; ~500-600 wgg~! for P, Mg, Ca, Cl, Sr; ~300 ugg! for Si,
Al

4. Results and discussion
4.1. Depth profiling

Depth profiling by the LA-ICP-MS method was applied to obtain
information about the distribution of elements in different layers
of the fish scale. The depth profile of elements of interest gives
an illustration about the changes in elemental concentrations and
the routes of their binding, i.e. in the structure of HAP or on its sur-
face where nanocrystals of biological apatite display a large specific
surface area critically important for the sorption of ions [44].

Depth profile analysis was performed for a limited number of
isotopes during one analysis so as not to exceed the integration
time of 0.2 s (conditions and groups of isotopes are described in
Section 2). The spots for different groups of isotopes were placed
at the anterior part of the scale with a spacing of 100 um (the area
for depth profiling is shown in Fig. 2). The results clearly show the
concentration gradient of selected elements along the whole scale
thickness and the interface between the external layer and basal
plate is clearly visible — the most schematic example is given in
Fig. 3a with Ca and C profile. Ca is the major element in the HAP
layer while C is in the collagen plate.

A similar behavior of the elemental distribution was found for
Ca, Mg, P, Fe and Sr (Fig. 3a—c) that are homogenously distributed in
the external layer declining close to the collagen internal layer. Ca

/1
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Fig. 3. LA-ICP-MS depth profiling on the posterior part of the fish scale 1 for following pairs of isotopes: “2Ca and '2C (a), *' P and 26Mg (b), %6Sr and %5Zn (c), 2°*Pb and *°Fe

(d).

and P are major constituents of the HAP Ca;o(PO4)s(OH); and both
Mg and Sr are among the most common cation substituents in bio-
logical apatite replacing Ca in the crystal lattice [45]. The obtained
results are well in accord with the character of the incorporation of
the mentioned elements in the HAP structure [45-51].

Zn, and Pb representing trace heavy metals showed different
behaviors (Fig. 3c, d). The accumulation of these elements on the
surface of the HAP layer is clearly observed. Beside the cation sub-
stitution in the crystal lattice the surface binding of both Pb and
Zn is well known [52-57]. The highest concentration of Zn close
to the surface of the fish scale is very similar to the distribution
obtained by proton induced X-ray emission (PIXE) in baramundi
Lates calcarifer scale [58].

The depth profiling results were compared with the distribution
maps made using EMP on the cross-section of the fish scale sam-
ple no. 2. The EMP maps (Fig. 4b-h) and LA-ICP-MS results were
in very good agreement for all elements by both methods. More-
over, the obtained results are well in accord with the models of the
incorporation of studied elements in the HAP.

4.2. Line scan laser ablation

The line scan LA was performed throughout the whole fish scale
perpendicular to the growth rings encompassing the anterior part
covered by other scales and the posterior partin contact with water.
The ablation conditions (described in Section 2) were set to obtain
an ablation crater with a 50 um depth to analyze the HAP layer.
Three measurements were done on each of the scales; the lines
were placed in parallel 50 wm apart, crossing the focus (Fig. 2).

The line scan with continual motion of the sample allowed
recording the information about isotope intensities at each 65 pm

along the line. Each point of analysis expressing the integra-
tion time was converted into elemental concentrations using
the calibration of external standard CRM NIST 1486 and “2Ca
as an internal standard. The values of the Ca content were
obtained from EMP measurements of the specific position on the
scale.

Variation of elements in the focus and anterior and poster ele-
ments are illustrated in Fig. 5. There is a difference in the character
of the curves between the smaller posterior and the larger ante-
rior part of the scale, where the curves show higher amplitudes.
It reflects the fact that the growth rings in the posterior part are
denser and the ablation spots thus include a larger ontogenic inter-
val than in the posterior part.

In general, lower contents of elements in the anterior part of
the scale (Tables 1 and 2) may reflect either lower thickness of its
HAP layer or higher mineralization in the posterior part which is
in contact with water. In the first case, the line scans penetrate
deeper in the lower part of the HAP layer with more collagen
(Fig. 3a) or even in the uppermost part of the collagen layer and
thus dilute the content of most of the studied elements. In both
cases, stronger mineralization means more possibilities for sub-
stitutions and filling of vacancies as Ca-deficient biologic HAP, by
nature, induces much adsorption and a little elution of Ca [38,57].
In order to minimize the influence of variations in the HAP con-
tent, Fig. 6a—f showing the ratios of studied elements to major
constituting element Ca were created.

All elements except Pb show a higher content in the posterior
part of the scale. A minor increase is observed in Mg, Sr, Fe, Mn,
then a distinct increase in Ca, P and finally a major increase in Zn. As
Ca and P are major building elements of HAP. Their increase docu-
mentsits higher representation. The elements of the first group, Mg,
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100.pm Bala 15.kV

100.ym Fe Ka 15.kV
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Fig. 4. BSE image of the analyzed area of the scale 1 cross-section (a); EMP spatial distribution maps for Ca (b), P (c), Mg (d), Ba (e), Sr (f), Fe (g) and Zn (h).

Sr, Fe, Mn substitute for Ca and fill in vacancies [45,57], and as illus-
trated by depth profiling (Fig. 3b-d) and EMP (Fig. 4d, f, and g) are
homogenously distributed in the HAP layer. Even though there is a
possibility of some uptake of these elements from the surrounding
water, its major route is gastrointestinal or via the respiratory tract
or even both. Consequently their higher content in the posterior

part of the scale can be attributed, in our opinion, to a higher repre-
sentation of the mineral phase which enables higher substitution
and filling of vacancies. In the case of essential direct waterborne
uptake, the highest concentrations of elements are to be expected
in the posterior scale closest to the focus with the longest exposure,
which is not the case.
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Fig. 5. LA-ICP-MS results of line scan 1 on the scale 1 for Mn and Zn (a), Ca and P (b), Mg and Sr (c), Fe and Pb (d).

Table 1
LA-ICP-MS line scan analysis of fish scale 1 (3 line scans).

Isotope Concentration (pgg™')

Line scan 1 Line scan 2 Line scan 3

Whole scale Anterior part Posterior part Whole scale Anterior part Posterior part Whole scale Anterior part Posterior part
26Mg 5160 4410 6440 5170 4560 6160 5460 4780 6550
3ip 136,000 131,000 145,000 142,000 137,000 150,000 138,000 134,000 145,000
42ca 244,000 234,000 259,000 243,000 233,000 259,000 244,000 234,000 260,000
55Mn 339 284 434 34.5 28.7 44.0 34.2 28.1 442
36Fe 10.1 7.82 14.0 8.65 6.45 122 4.67 491 427
56Zn 564 412 827 630 467 892 539 398 770
865y, 276 249 323 283 262 316 294 271 331
208pp 0.565 0.563 0.566 0.577 0.606 0.530 0.675 0.677 0.670

This interpretation is also supported by relatively sym-
metric peaks in the distribution of elements like Fe or Mn
(Figs. 5a, 5d, 6b, and 6¢). The symmetric distribution of Fe with
peaks in focus and at the margins of the scale may be influenced by
dietary factors connected with either a higher uptake of food rich
in these elements or with drinking water with a higher Fe content

Table 2
LA-ICP-MS line scan analysis of fish scale 2 (3 line scans).

[59-62]. However, it is beyond the scope of this paper to follow this
line in detail.

A high increase in the posterior part is in Zn (Figs. 5a and 6f)
which shows a different incorporation in the HAP structure when
compared with the previous elements. Zn incorporation into HAP
does not only take place by ion exchange and filling vacancies [63]

Isotope Concentration (pgg™')

Line scan 1 Line scan 2 Line scan 3

Whole scale Anterior part Posterior part Whole scale Anterior part Posterior part Whole scale Anterior part Posterior part
Mg 6030 5130 7090 5600 4550 6930 5970 5100 7000
3p 137,000 128,000 150,000 128,000 120,000 140,000 130,000 125,000 139,000
42Ca 238,000 216,000 268,000 232,000 217,000 255,000 238,000 226,000 258,000
55Mn 34.8 244 45.8 33.1 254 42.6 36.7 26.5 47.7
56Fe 7.77 6.14 9.56 8.85 8.01 10.0 13.0 18.1 8.49
56Zn 674 411 947 655 381 980 601 393 818
865r 309 286 341 292 265 330 293 253 341
208pp 0.938 0.950 0.958 0.926 0.936 0.937 1.01 1.06 0.985
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Fig. 6. LA-ICP-MS concentration ratios in line scan 1 for Mg/Ca (a), Mn/Ca (b), Sr/Ca (c), Fe/Ca (d), Pb/Ca (e), and Zn/Ca (f).

but more substantially zinc appears to be sorbed to the surface of
the HAP [55] which is also well illustrated by depth profiling and
EMP (Figs. 3c and 4h). Such a distribution is not surprising as the
fish skin represents another important Zn uptake path beside the
gastrointestinal and respiratory tracts [64,59]. In common carp an
even higher accumulation of Zn in the skin than in the scales has
been documented [65].

Quite different elemental distributions were observed for Pb
(Figs. 5d and 6e). It is symmetric with a higher Pb content near
the edge of the scale. The distinctly higher values are, however,
in the anterior part of the scale. Even though the data concern-

Table 3
EMP line scan analysis of fish scale 1 (1 line scan).

ing Pb are close to detection limits and should be taken with
caution, the symmetric distribution supports the idea that the
elements are mostly accumulated in the fish scale region that
grows during their higher administration via blood circulation, i.e.
of digestive or respiratory origin [66,67]. This interpretation may
also be supported by the higher representation in anterior part
of the scale (Fig. 5d) which is in direct contact with the dermis
where the blood vessels provide direct nourishment. The poste-
rior part of the scale is covered only with epidermis [68] where
the elements enter only by diffusion from the dermis or from
water.

Element/scale part Concentration (pgg™')

Mn Fe Sr Ca Mg
Whole scale 80 50 120,000 290 248,000 4540
Anterior part 63 45 111,000 253 235,000 3360
Posterior part 104 52 133,000 340 265,000 6180
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Fig. 7. EMP results of line scan on scale 1 for P and Ca (a), Sr and Mg (b).
Table 4
ICP-MS analysis of 5 diluted fish scales.
Isotope Concentration of element (ngg™')
Whole scale Anterior part Posterior part
Scale 1 Scale 2 Scale 3 Scale 4 Scale 5 Scale 3 Scale 4 Scale 5
26Mg 1460 1500 1280 1550 1180 1730 2160 1940
ip 65,200 67,600 41,500 44,600 37,600 51,000 86,100 54,400
3Ca 95,100 98,000 88,600 99,600 86,200 112,000 145,000 123,000
55Mn <0.92 1.67 <0.92 <0.9% <0.92 <0.9% 104 14.7
SGFe (53 (Si <Sa <SA <5A <5A <53 <5a
56Zn <14* <14® <14* <14* <14* <14* <14* <14*
bty 99.1 101.0 89.1 115 105 109 168 152
208pp <38 <38 <38° <38 <38° <38 <382 <387

# Values are below the detection limit.

To verify the accuracy of LA-ICP-MS results, the scale was also
analyzed using EMP. The analysis consisted of 50 points placed
near the ablation lines and covering the whole width of the scale
with a spacing of 400 wm (Fig. 2). Due to the high EMP (hundreds
of wgg 1) limits of detection, a limited selection of elements was
detected. Fig. 7a and b shows graphs for Ca, P, Mg and Sr. A similar
trend of elemental distribution with LA-ICP-MS is evident for all
the mentioned elements.

The content of the elements of interest was also expressed as an
average for the whole scale width as well as for the posterior and
anterior scale parts. In the case of LA-ICP-MS the calculations were
done on 2 different fish scales, each with 3 line scans Tables 1 and 2,
and the EMP results for 1 measurement on scale no. 1 are given in
Table 3. The EMP values for Mn and Fe are only informative because
of detection limits of 320 and 340 ugg', respectively.

Summarizing, the data obtained in linear scans is well in accord
both with the character of the incorporation of studied elements in
HAP and with the character of their uptake in fish. Together, with
the good correlation with the EMP analyses, the results illustrate a
very good applicability of the LA-ICP-MS method.

4.3. Solution ICP-MS

To confirm the trend of elemental distribution obtained by
LA-ICP-MS and EMP, ICP-MS analysis of different parts of scales pro-
ceeded after the scale dissolution. Two entire scales were dissolved
as well as three scales cut into 2 parts — anterior and posterior (see
Fig. 1). These parts were dissolved separately. The solution prepa-
ration procedure is described in detail in Section 2.2. Results of
solution analysis are shown in Table 4. Lower concentrations of all
elements can be seen when compared with the LA-ICP-MS analy-
sis which corresponds to the fact that when using LA-ICP-MS, only

the external HAP layer containing dominantly all the analyzed ele-
ments is studied while the solution ICP-MS analysis also comprises
the organic collagen layer. In other words the HAP layer is diluted
with collagen in the case of solution analysis. However the trend
of elemental distribution compared favorably with the LA-ICP-MS
and EMP results because the increased content of Mn, Ca, P, Mg
and Sr were determined in the posterior part of the fish scales as
opposed to the anterior part. Values for iron, zinc and lead were
under the detection limits (see Table 4).

5. Conclusion

The method, LA-ICP-MS, for spatial elemental analysis of fish
scales was investigated. Quantification of elements was made using
powdered CRM NIST 1486 pressed into pellets. Laser ablation was
applied as a line scan analysis of the HAP layer throughout the
whole fish scale perpendicular to the growth rings encompassing
the anterior and posterior part. Results showed different distri-
butions, especially of some trace metals (Zn, Mn) but also matrix
elements (Ca, P) and most common cation substituents (Mg, Sr) in
both parts with increased contents in the posterior part. This pat-
ternis attributed essentially to higher representation of the mineral
phase which enables higher substitution and filling of vacancies.
Some metal trace elements (Fe, Pb) were distributed symmetri-
cally with a higher content near the edge of the scale reflecting
most probably dietary changes or pollution. Behavior of the ele-
mental distribution obtained by LA-ICP-MS was monitored by EMP
analysis and ICP-MS solution analysis of different parts of fish
scales.

LA-ICP-MS depth profiling was used for the first time in fish
scales. The depth profiles showed homogenous incorporation of
both matrix elements (Ca and P) and substituents (Mg and Sr) into
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the external HAP layer with a decrease close to its boundary with
a collagen layer. Accumulation of trace metal elements as Zn and
Pb on the scale surface is well in accord with their assumed surface
adsorption and complexation. The fact that the results of depth
profiling are in good agreement both with EMP and PIXE results and
with the assumed ways of incorporation of the studied elements in
the HAP structure illustrates a good potential of this method for
the study of changes in elemental concentrations within the fish
scales.
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ARTICLE INFO ABSTRACT

Keywords: The great potential in combining two elemental imaging techniques - Laser Induced Breakdown Spectroscopy
LA-ICP-MS (LIBS) and Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) is demonstrated for
LIBS

uranium ore sample investigation. Dual imaging provides the advantages of both methods — high speed, large
area imaging and additional evaluation of the whole spectrum for LIBS, and high resolution, low detection limits
and isotopic imaging for LA-ICP-MS. Special software, ILAPS, was created for data processing to ensure the
consistency of the resulting element images and the possibility of their combination. This new method for
merging LIBS and LA-ICP-MS imaging data allows the display of detailed structures on the background of the
overall sample image. Information contained in the detailed structures together with an overall view of the
sample was displayed in one image to visualise the complete data from both methods. The effectiveness and
usefulness of this new approach were demonstrated in identifying the structures responsible for elements

Elemental imaging
Elemental mapping
Uranium ore

Geological samples

migration in the uranium ore sample.

1. Introduction

The astonishing advancement of laser ablation-based techniques
(namely LA-ICP-MS and LIBS) in recent years has increased their po-
tential for many applications in different areas. This progress is
remarkable especially in imaging techniques including applications in
geological science. The LA-ICP-MS method is used for various geological
applications, to which a suitable ablation mode is adapted. Recent
literature mentions LA-ICP-MS analysis which can provide basic infor-
mation regarding elements content in the selected area with a size of
tens to thousands of pm?. Detecting a change in the content of elements
in the sample can be expressed by individual line scans [1] or a set of
adjacent line scans covering a defined sample area (imaging) [2] which
can be used to gain more complex information about the sample. The
recent improvement of the LA-ICP-MS method was demonstrated in a
number of articles [2-5] and this progress also provides great applica-
tion in the field of geology [2,3,5-8].

The process of imaging using LA-ICP-MS requires the precise selec-
tion of an area for analysis which would be sufficient for the interpre-
tation and on a time and cost effiecient basis. The setting of laser

* Corresponding author.
E-mail address: codl@sci.muni.cz (K. Novotny).
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ablation parameters such as spot size or scan speed also depends on the
total analysed area and the required resolution of the future image. The
selection of isotopes and dwell times determines the data acquisition
parameters which should be synchronised with the LA repetition rate
[9]. The analysed area is scanned using adjacent parallel lines, if scan-
ned horizontally, the resulting pixel size of the image is the product of
dwell time and the scan speed on the x axis and the spot size on the y
axis. The laser ablation process is followed by data generation and
creation of element distribution images using special software, e.g. the
software package “iolite” [2,10] based on compilation and processing
data gained by LA-ICP-MS. The final images can be processed in two
ways: qualitative, providing basic information about the relative
changes of elements distribution in the sample, or quantitative,
providing more complex information on the absolute content of ele-
ments in the imaged area.

The LIBS technique is based on the vaporisation of a small amount of
the sample and generation of plasma directly by one laser pulse. Sub-
sequently, plasma light emission is collected and analysed using an
optical spectrometer [11,12]. Contrary to the LA-ICP-MS technique, a
further excitation source is not needed; therefore, the instrumentation
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can be much simpler and cheaper. The response is generally faster
compared to LA-ICP-MS where transport of the aerosol through rela-
tively long tubes into the ICP is required. This feature is particularly
crucial for the application of LIBS for fast elemental imaging [13,14].
LIBS imaging is based on the generation of a series of plasmas at
different positions on the sample following a pre-programmed scan
sequence. Consequently, step size must be set with respect to focusing of
the laser spot and crater size [13]. Crater size is usually the object of
careful optimisation and is influenced not only by the laser pulse pa-
rameters but also by the surrounding atmosphere and by the sample
itself [15-17]. The applications of LIBS in analysis of various geological
materials have already been reviewed in detail [18]. Detection of most
of the elements of the periodic system with high spatial resolution is
possible and the fast measurement allows imaging of a large sample area
in a reasonable time. The capability of LIBS for two-dimensional multi-
element mapping of mineral samples was demonstrated on different
geological structures [19-22]. A multivariate approach and application
of self-organising maps were used for LIBS chemical mapping of ura-
nium in sandstone-hosted uranium ores [23,24].

The combination of both mentioned analytical techniques (LA-ICP-
MS and LIBS) can enrich the results of analyses of only one method.
There are efforts to connect both methods simultaneously not only for
imaging but also for example, for multivariate classification of samples
[25]. Elemental imaging by the simultaneous system can give rise to
improvements in the quantification process for tissue analysis [26] or in
studies of sample heterogeneity [27]. Concerning geological samples,
simultaneous LIBS and LA-ICP-MS spatially resolved mapping of major
and trace elements and isotopes within a Bastnaesite was demonstrated
[28]. Such a combination of the two techniques provides complemen-
tary measurements for elements that are separately unattainable due to
low sensitivity and/or strong interferences. However, it is worth
mentioning that the utilisation of simultaneous systems is limited not
only by available instrumentation but also by the need for compromised
settings when neither method is operated under optimal conditions. In
addition, it is impossible to acquire a quick overview of a large sample
area by the LIBS method to select important regions and detailed ex-
amination of their fine structures by the LA ICP MS at the same time. On
the other hand, the subsequent analysis allows the use of a simple (even
mobile) LIBS system for preliminary sample investigation and sorting
that is easy to operate without placement in a clean laboratory.

In this work, a developed combination of LIBS and LA-ICP-MS im-
aging technique was applied to a case study focused on a uranium ore
sample. Such samples are important especially in connection with its
utilisation in exploration, the mining and processing of uranium ore
[29], “fingerprinting” of a uranium ore concentrates [30] and also in
technologies used in nuclear waste repositories due to similarities in
chemical composition between uraninite and spent nuclear fuel [31,32].

In this study, a new and comprehensive approach to imaging ura-
nium ore was designed and implemented. Fast elemental imaging of the
investigated sample by the LIBS serves for the preliminary view of the
elemental distribution on a large area. Such an analysis was performed
very quickly using relatively simple LIBS instrumentation. For a more
detailed survey of selected areas, the LA-ICP-MS technique was used for
a more detailed view and for the tracking of isotopes. Specially devel-
oped software ILAPS (Imaging of Laser ablation plasma spectrometry)
[33] was used for both methods to evaluate the data and create images.
Because the ILAPS allows the processing of different initial data into the
same final form, it is also easy to compare, combine and merge images
from both laser ablation-based methods in a uniform graphical form.
Such a combination of LIBS and LA-ICP-MS offers new possibilities for
2D imaging of elements and isotopes in geological laboratories.

Spectrochimica Acta Part B: Atomic Spectroscopy 186 (2021) 106312
2. Experimental
2.1. Sample

The investigated geological sample represents U-mineralisation from
a former deep uranium mine; Rozna (a part of the Rozna-OIsi uranium
ore field with a total mine production of 23,000 t U) situated 45 km NW
of Brno [34]. On the thin-section scale, the analysed sample (BUK1B) is
composed of three geochemically contrasting lithological types
(Fig. 1A), represented in order from right to left by (1) massive uraninite
vein (2) carbonate vein and (3) metasomatite. The relative time suc-
cession of individual types is as follows: the oldest part, hydrothermally
altered host rock (metasomatite), was metasomatically overprinted due
to interaction with hydrothermal fluids circulating through rock pores,
along faults and/or fractures in which the carbonate along with urani-
nite subsequently crystallised.

The metasomatite, consisting mostly of calcite (CaCO3), dolomite
(CaMg(COs3)2), chloritised biotite to chlorite (MgsAl(AlSiz04¢)(OH)g)
with subordinate quartz (SiO»), smectite ((Na,Ca)g 33(Al,Mg)2(Si4010)
(OH),.nH20), and rare apatite (Cas(PO4)3(OH,F,Cl)), is typically red-
coloured as a result of the presence of abundant Fe-oxides, particu-
larly hematite (Fe;O3). The uraninite-bearing carbonate vein crosscut
the host metasomatised rock and is predominantly built up by white-
coloured calcite (CaCO3) with macroscopically visible rhombohedral
cleavage and a well-developed crystal shape. On the other hand, the
vein-type U-mineralisation, occurring as uraninite (UO2) closely asso-
ciated with hydrothermal carbonate, typically forms colloform and
spherulitic aggregates. Such a mineral texture is usually attributed to
hydrothermal uraninites that crystallised under relatively low temper-
atures (150-170 °C for uraninite from the Roznd deposit) [34].

The ideal formula of uraninite, the most important uranium ore
mineral, is UO», but in fact the formula is much more complex as the
structure of uraninite has many defects caused mainly by oxidation of
U** to U®", cationic substitution and radioactive decay [35]. Studying of
oxidation states is crucial for both mineral deposit and environmental
research because during oxidation of stable U**, U®* ions are formed
that are very mobile and can migrate for a long distance [36]. Cations
with a similar ionic radius to U*' (e.g. REE, Th, Y, Ca, Zr) can substitute
for U if they are present in uranium ore forming fluids during uraninite
crystallisation [37]. Radioactive decay of the most common 2381 leads
to formation of the final decay product that is isotope 206ph, Moreover,
some authors consider trace elements association in uraninites as a good
tool for provenance analysis [29] or as a function of mineral deposit type
[7,38].

2.2, LIBS

The experimental system for fast LIBS chemical mapping consists of
Nd:YAG laser (Q-Smart, Quantel) with a fundamental wavelength of
1064 nm, a repetition rate of 20 Hz, a pulse duration of 5 ns and a laser
pulse energy of 25 mJ. Although UV wavelength is preferred when
spatial resolution is important, the NIR region of the fundamental Nd:
YAG wavelength is sometimes more suitable due to simpler instrumen-
tation (lower power laser, less expensive optics). For simple, preliminary
and fast initial sample investigation, it is desirable that instrumentation
should be as simple as possible, preferably as a compact tabletop or even
a mobile device. Moreover NIR wavelength, when combined with ns
pulse duration, usually gives the best sensitivity in LIBS measurements,
due to strong plasma heating [39]. Therefore Nd:YAG fundamental
wavelength of 1064 nm was used in our study.

Laser pulse was introduced on the sample surface by a series of
mirrors and then focused by a 30 mm focal length glass dublet (Thorlabs,
USA). The sample was placed on a lab-made sample holder which was
fixed to x, y, z motorised translation stages (Standa, Lithuania).
Collection optics focused the plasma radiation into a bundle of four fi-
bres that transport radiation to a four-channel spectrometer (Avantes,
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B

Fig. 1. A cross-section through (A) hand specimen and (B) polished thin section of U-mineralisation closely associated with metasomatite and carbonate vein (see

text for detailed description) used for elemental distribution maps.

Netherlands) equipped with Avasoft software. Delay and integration
time was set to 1 ps and 30 ps respectively. The mapped area was 4.0 x
23.2 mm (see Fig. 1B, blue region), which resulted in a chemical map of
51 x 290 locations (14,790 in total) with step 80 pm in both x and y
axes. Net scanning time is approximately 13 min calculated from the
laser repetition pulse rate and the number of image points. Taking into
account the dead time of stages during movement between individual
lines overall scanning time was approx. 20 min. Raw spectral data were
processed in custom-made C++ software (CEITEC BUT Brno, Czech
Republic) to background subtraction, selection of emission lines wave-
length and to preparation of x, y image matrices.

2.3. LA-ICP-MS

The selected areas of fine structures mapped by LA-ICP-MS provided
a detailed view with higher spatial resolution and higher sensitivity
related to trace elements in different zones of the sample. Areas of 3 x 2
mm were analysed using an LA-ICP-MS system consisting of LSX 213 G2
laser ablation device (Teledyne Cetac Technologies, USA) and Agilent
7900 ICP MS analyser with a quadrupole analyser and an octopole re-
action cell to attenuate polyatomic interferences (Agilent Technologies,
Japan). The laser operates at a wavelength of 213 nm with a pulse
duration of ~4 ns. Using helium as a carrier gas with a flow rate of 0.9 1
min~’, the aerosol was washed out by a 2-volume ablation cell (HelEx).
The aerosol was then mixed with argon serving as a makeup gas with a
flow rate of 1 1 min™ ' and transported through a FEP (Fluorinated
Ethylene Propylene) tube (i.d. 2 mm, length 1 m) to the ICP-MS. Line
scans with a spot size of 20 pm in diameter, 20 um s * scan speed, 10 Hz
and fluence of 10 J cm 2 were performed. 100 lines of 3 mm length with
20 pm spacing were performed to cover the area of 3 x 2 mm. The areas
in the individual mineral zones are marked by red rectangles in the
sample thin section within the Fig. 1B: (1) uraninite (2) carbonate, (3)
metasomatite.

The mass spectrometer operated at the forwarded power of 1550 W
with Ar gas flow rates of 15 (outer plasma gas), 0.7 (auxiliary), and Ar
make-up gas of 0.6 1 min '. Tuning of the instrument to maximize
isotope intensities was performed using the NIST 610 glass standard.
The following isotopes were monitored with a total integration time of 1
s 43Ca, Sly, 56Fe, 57Fe, 20“Pb, 20(’Pb, 2°7Pb, 208Pb, 2?’SU, 2384, The pause
between each line was 30 s, so the total measurement time was 5 h.

2.4. Software ILAPS for data evaluation

ILAPS (Imaging of Laser Ablation Plasma Spectrometry) is a python-
based software tool specifically developed for data processing of laser

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS),
found at https://github.com/nikadilli/Ilaps-v2/. So far it is possible to
directly import data in different formats (.csv, .xlsx, .asc), primarily from
ICP-MS instruments, however as an open-source software it is simple to
add protocols for other formats or instruments, if necessary. ILAPS offers
(1.) bulk analysis (II.) calculation of calibration curves (II.) elemental
imaging from continuous time dependant data acquired in a single file.
This is where ILAPS differs from most of the other accessible software; it
uses “.iolite” files from Laser ablation systems to find the start of each
ablation event and automatically segments the data stream into sections
of signal and background.

Even though ILAPS is optimised for LA-ICP-MS, it can easily handle
data from other instruments, such as laser induced breakdown spec-
troscopy (LIBS), just by a simple conversion of raw data to fit the
importing format. In both cases the time resolved generated data stream
is converted into a single matrix. After the segmentation of the signal
and background, and subsequent background subtraction, the user
needs to manually set the pixel size Ax and Ay. In LA-ICP-MS it is
specified by scan speed x integration time vs. spot size (in cases where
the spacing between parallel lines is equal to the spot size). In LIBS, the
pixel size is given by the individual spot spacing in the direction of the x
and y axes.

ILAPS also contains background correction as well as internal stan-
dard normalisation and total sum normalisation. Data can be visualised
in different colour maps. A semi-interactive graph embedded directly in
the user interface ensures proper control over the final appearance of the
output image. Moreover, it is possible to scale, smooth, interpolate and
quantify the data with instant response in the image. Ilaps offers mul-
tiple methods of interpolation (nearest, bilinear, bicubic, splinel®6,
spline 36, quadratic, gaussian and Lanczos); bilinear interpolation was
used for the image generation in this article. The calculated matrix for
each measured element/isotope can be exported (and then imported
back) into a single excel file, where each measured element is found on a
separate spreadsheet. Even though ILAPS is optimised for LA-ICP-MS, it
can easily handle data from other instruments such as laser-induced
breakdown spectroscopy (LIBS) by a simple conversion of raw data to
fit the importing format. This allows an easy comparison of elemental
imaging by different methods, where the resulting images can be
handled in the same way, using the same format and colours. ILAPS
offers colour processing in 26 different colour palettes (e.g. jet, grey,
binary or magma); all images in this article were prepared using jet
palette. The scaling was adjusted individually for each image in order to
make the necessary details visible and to unify the colours for both
methods so that the images are unifiable. The z axis represents the in-
tensity value of the analytical response of the element/isotope, so the
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scale bar is in relative form and indicates only the colour range (blue
minimum, red maximum).

3. Results and discussion
3.1. LIBS imaging

3.1.1. Emission lines selection

At first, several LIBS spectra were recorded in different sample lo-
cations and evaluated to optimise the conditions and set suitable mea-
surement parameters, as well as to select suitable emission lines with
sufficient sensitivity. These lines were selected also in respect of the
presence of spectral interferents in individual mineralisation. Careful
line selection was also done using the measurement of elemental stan-
dards which served for the precise setting of the emission line wave-
length (spectrometer calibration) and for verification of spectral
interferences. Primarily, interest has focused on calcium such as the
matrix element of carbonate and because its presence can also be ex-
pected in metasomatic structures. On the other hand, calcium content in
uraninite mineralisation is low. Emission lines Ca II 393.37 nm, Ca II
317.96 nm and Ca II 315.92 nm were selected as favourites. Line Ca II
393.37 nm represents a strong ion resonance line, while the less sensi-
tive Ca I1 315.92 nm line is more suitable for monitoring calcium at high
contents (see Fig. 2).

As in the case of calcium in carbonate, the iron can represent he-
matite mineralisation in the metasomatite due to its high content in this
phase. Therefore, imaging of iron can help reveal the structure and
distribution of metasomatic mineralisation in the sample. The iron
emission line 404.58 nm was chosen to respect this purpose and with
negligible potential spectral interferences (Fig. 2B). Distribution maps of
lead can help to elucidate uranium migration processes and selected
parts can subsequently be subjected to LA-ICP-MS analysis for a more
detailed view and to distinguish individual isotopes. The lead emission
line Pb I 405.81 nm was chosen to respect sufficient sensitivity and low
spectral interferences (Fig. 2).

It should be noted that the main purpose of this study is to contribute
to the elucidation of the mechanisms of uranium migration in rocks.
Although imaging of other elements is also important, a reliable tech-
nique for uranium distribution mapping is crucial. In the case of

70 000
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uranium, the selection of suitable emission lines was made according to
previous experiences and data from the literature [23,24,40,41]. It was
assumed that imaging of U II line and UO band can provide additional
and valuable insight into uranium distribution and therefore the ionic
line U II 367.007 nm and the molecular band UO 593.55 nm were
selected (Fig. 2). Nevertheless, in this work, only detectability of these
features was investigated for the construction of distribution maps.
Whether stoichiometry of uranium and oxygen in uraninite corresponds
to the ratio of UII and UO band intensities will be the subject of further
study. It was found that the U II line and UO band provide sufficient
intensities with low spectral interferences.

3.1.2. Settings of imaging area and parameters

LIBS is considered as the suitable technique for fast imaging of a large
area for obtaining information which can help with initial acquaintance
of the structure of the sample. While some approach for the quantifi-
cation of signal or advanced chemometric methods have been published
[23,24] this work is focused only on obtaining information about the
spatial distribution of selected elements imaged in relative scale to
reveal the basic structures of the sample. In this case, the main idea is to
identify the structures which show or are responsible for uranium
migration. For this reason, the rectangle chosen for LIBS imaging was
placed approximately in the centre of the sample covering all structures
(metasomatite, hydrothermal calcite and uraninite (U3Og) mineralisa-
tion) (Fig. 3).

The size of the chosen area was decisive for creating a suitable raster
of spots with respect to the number of lines, the number of points, and
the step size. All these parameters then define the spatial resolution, the
volume of recorded data, and the time required for the measurement.
However, the parameters cannot be set arbitrarily but must respect the
limitations of the instrumentation. The most critical parameter is the
maximum speed rate of the sample moving. In this case, at a laser pulse
repetition frequency of 20 Hz, the translation stage allows the maximal
distance between individual spots of 80 pm. However, this distance and
a crater diameter of about 150 pm inevitably leads to overlapping cra-
ters, which has a number of undesirable effects. First of all, the deteri-
oration of spatial resolution is determined by combining crater diameter
and step size. Therefore, the spatial resolution is primarily limited by the
crater diameter rather than by the step size in this case. Secondly,
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Fig. 2. Selected emission lines and band used for LIBS elemental imaging: calcium in spectrum of carbonate, iron in spectrum of metasomatite and lead and uranium

in spectrum of uraninite.
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Pb 1405.81 nm

U Il 367.01 nm

UO 593.55 nm

Fig. 3. Photography of analysed sample area and LIBS elemental distribution maps. LIBS emission on Ca II the 315.92 nm line was corrected by total LIBS emission;
distribution maps of iron, lead and uranium are represented by intensities of emission lines (or eventually of band in the case of uranium) after back-

ground correction.

overlapping craters can result in material flushing between pulses and
redeposition which can cause signal tailing [39]. Furthermore, different
ablation mechanisms in carbonate and uraninite have resulted in
different shape and size of ablation craters observed in BSE. In this
context, it was no surprise that different ablation mechanisms in car-
bonate was also indicated by significantly lower total LIBS plasma
emission. All these facts should be further taken into account when
creating elemental images, as shown below.

3.1.3. Data processing and elemental images

After scanning the sample at the settings mentioned above, acquired
spectral data for all channels of the Avantes spectrometer were exported
and saved using the program Avasoft. Until now, the ILAPS program was
not able to process raw spectral LIBS data because it was initially
developed for processing data from LA-ICP-MS. The program extension
is the subject of further work, and therefore, raw LIBS data were firstly
processed by custom-made C++ software. After background subtrac-
tion, selection of emission lines wavelength and preparation of x, y
image matrices followed the import of data into the ILAPS program for
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the final elemental images creation. The data processing procedure by
this program will be addressed in more detail below (see chap. 3.3.).

Because the obtained calcium elemental map showed a dispropor-
tionately high signal in uraninite compared to carbonate it is clear that a
strong matrix effect occurs. In the next step, for the elimination of lower
plasma emission in carbonate (see. 3.1.2), compensation using the total
emission as a reference signal was chosen. The correction was done by
dividing the emission of the line by the sum of the emission over the
whole spectral interval of the spectrometer channel. The resulting map
(Fig. 3) corresponded well to the real distribution of calcium in the
sample, which was also verified by LA-ICP-MS.

On the obtained iron elemental map (Fig. 3), metasomatic structures,
even some clusters extending into the carbonate phase, are clearly
visible. On the other hand, it is evident that the iron content in uraninite
mineralisation is relatively low. It was found that as in the case of cal-
cium, using the total emission as a reference signal considerably
improved the iron signal ratios between the individual phases. After this
correction the signal better reflects the real iron content as verified by
LA-ICP-MS.

Unfortunately, the LIBS technique does not allow identification of
individual lead isotopes and therefore it is not possible to distinguish
between radiogenic and non-radiogenic forms. Despite this fact, LIBS
imaging can make it possible to obtain important information about the
distribution of lead not only in the uraninite phase, but also in the
interface and fine structures appearing in the carbonate or metasomatic.
As was expected, the highest content of lead in uraninite is evident in the
comparison of carbonate and metasomatite. Nevertheless, in fine
structures locally increased content can also be observed in these phases
(Fig. 3). These results were subsequently confirmed by LA-ICP-MS.
Unlike iron and calcium, the total emission as a reference signal does
not improve the lead signal ratios between the individual phases and
therefore was not used. Although the maps obtained by both techniques
were in good agreement, LIBS overlapping craters on the carbonate-
uraninite interface probably result in material flushing between pulses
and material redeposition. This effect which can cause signal tailing has
also been observed to some degree and will be the subject of further
investigation in the future.

The spatial distributions of the uranium as the main elements of
interest were displayed by LIBS clearly and the results can serve as a
quick initial characterisation of the sample. In the obtained images the
main structures, the location of individual mineral phases, and also some
fine structures and veins are clearly visible (Fig. 3). These images pro-
vide the first overview of the sample surface, but the experienced eye of
a geologist can easily reveal interesting parts that deserve to be exam-
ined in more detail. Here it should be emphasised that the subsequent
area selection for LA-ICP-MS imaging can therefore be made more
reliable to save instrumental time and expense. Moreover, using a four-
channel spectrometer, the whole emission spectra were saved and
retrospective evaluation of other emission lines is possible.

3.2. LA-ICP-MS imaging

More detailed imaging of individual elements/isotopes was per-
formed in separate mineral zones using the LA-ICP-MS method. Areas of
2 x 3 mm were analysed with parameters described in the experimental
part, giving a spatial resolution of 20 pm. The scan speed of 20 pm st
was set so that the dwell time (1 s) and the shift time across the ablation
crater diameter (20 pm) were identical. This ensured that the LA-ICP-MS
signal did not blur in the x-axis direction. ILAPS software needs to
separate individual scans within an imaged area to properly compose a
record in time and space. To do this, the individual scans need to be
separated by a sufficient time delay so that the isotope signal drops to
units for up to tens of seconds in its background.

3.2.1. Uraninite
For uraninite vein imaging, a heterogeneous region was selected
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containing the spherulitic uranium aggregates overgrown and/or
crosscut by hydrothermal calcite. The selection was set on characteristic
structures clearly visible on the LIBS images. Most of the measured
isotopes were concentrated in the region correlating with uranium
represented by 2*°U at Fig. 4. However, detailed imaging reveals dif-
ferences in the distribution of elements and even isotopes. In some cases,
individual zones of the aggregates seem to have different concentrations
of major and trace elements, best visible on the distribution of °V. Di-
agonal hatching on the vanadium map is a consequence of the mea-
surement artifact, so we must ignore it when interpreting the map. This
artifact also occurred in the case of >**U and its removal is one of the
tasks needed to improve the imaging of the LA-ICP-MS method. Addi-
tional knowledge shows that this is a consequence of setting the pa-
rameters of the method, especially the combination of measured
isotopes, their dwell times and the total integration time of the mea-
surement [9]. Some very useful information for supplementing the
elemental image of the LIBS method is the possibility of displaying in-
dividual isotopes by the LA-ICP-MS method. An example is the imaging
of lead isotopes containing non-radiogenic 2°Pb and radiogenic 2°°Pb,
207pb as the decay product of 238y, 35y and 2°8pb as radiogenic decay of
2321h, Non-radiogenic lead is not related only to the structure of ura-
ninite and also forms isolated clusters, probably as compounds with
sulphur or selenium, while radiogenic isotopes of lead also copy their
parent nuclides. Therefore, the most abundant and homogeneous is
represented by the isotope 206ph as the decay product of the isotope 23%y
(relative abundance of 99.274%), which is the main component of
uraninite. Heterogenous distribution of 2*’Pb and even more apparently
208ph within uraninite aggregates, considered to have originated in one-
time period, is worth mentioning due to usage of lead isotope ratios for
radiometric dating. In this context, intra-grain scale isotopic variations
within fresh uraninite aggregates (Fig. 4), showing no visible effect of
post-crystallisation alteration [42], demonstrate a possible utilisation of
the LA-ICP-MS imaging for subsequent U/Pb dating of geological sam-
ples, precluding potential bias of isotopic systematics.

3.2.2. Carbonate

The LA-ICP-MS measurements of the carbonate vein show how
important it is to create more detailed, high-resolution images. Here, the
method allowed the visualisation of details of the carbonate vein, where
a thin veinlet structure with elevated content of iron, lead (Fig. 5, left) as
well as uranium (Fig. 6 C) can be observed (in consistence with the
subtle hints of these structures in LIBS images). In addition to calcium as
a matrix element of carbonate (calcite), all measured analytes appeared
in the thin veinlet structure with the exception in distribution of 2°®pb,
which also occurs in formations outside the vein, most probably as part
of sulphide mineralisation. Uranium bound in the uraninite can became
very mobile during redox changes (oxidation, indicated also by a pres-
ence of iron) and can migrate using the weakened parts of a surrounding
carbonate vein as fissures or calcite grain boundaries. The discovered
veinlet structure thus represented a possible migration path for uranium
released from a massive uraninite vein during post crystallisation redox
changes.

3.2.3. Metasomatite

Metasomatites in the Rozna uranium mine locally host impregnation
style uranium mineralisation, mostly coffinites (U(SiO4)-nH»0) that are
considered to be formed by redistribution of uranium form older ura-
ninite veins connected with reactivation during younger stages of the
Alpine orogeny [34,43]. Both LA-ICP-MS and LIBS imaginig revealed
poor uranium concentration of dissemination/impregnation style (Fig. 6
B) as well as iron rich clusters (Fig. 5, right) representing disseminated
hematite (Fe;O3) mineralisation that indicate the above mentioned
minerogenetic processes due to redox changes. Localisation and direc-
tion (Fig. 6) of the described thin veinlet structure in the carbonate vein
suggests a possible connection between the uraninite vein and the
metasomatite. Thus, it is possible that this veinlet structure was one of
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Fig. 4. Photography of analysed sample area (1) and distribution of selected isotopes in uraninite obtained by LA-ICP-MS. Normalised intensities in cps, blue colour
as minimum, red as maximum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the feeding channels allowing migration of uranium and as a conse-
quence, the origin of a redistributed metasomatic uranium
mineralisation.

3.3. Preparation of combined elemental images

Because LA-ICP-MS analysis is time-consuming and relatively
expensive, choosing the right location on the sample is key to obtaining
the necessary information about the distribution and behaviour of the
elements in the sample. In the first step, LIBS provides a “rough” dis-
tribution image of a larger sample area, and then a smaller cut-out with

higher resolution can be displayed in more detail using LA-ICP MS.
Nevertheless, important information is not only contained in the
detailed structures but is also important for the geologist to have an
general view of the structure of the sample in terms of clarifying the
overall context (e.g. positions of veins, the growth direction of struc-
tures, etc.). Therefore, it is desirable to preserve the data from both
methods and combine it so that complete information can be displayed
in one image.

Linking results of both analytical techniques enables the creation of
merged elemental images. An example of such dual imaging shows the
uranium distribution in Fig. 6. Cut-outs for laser ablation were chosen by
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Fig. 5. Photography of analysed sample area (2 and 3) and distribution of selected isotopes in carbonate vein (left) and metasomatite (right) obtained by LA-ICP-MS.
Normalised intensities in cps, blue colour as minimum, red as maximum. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

taking interesting formations revealed by LIBS into consideration. The
description of individual areas was already mentioned in Chapter
3.2.1-3. In addition, the LA-ICP-MS method allows the display of spe-
cific isotopes, which can be a significant extension of information
regarding elemental distribution. For example, a comparison of radio-
genic and non-radiogenic isotopes of elements may clarify the formation
of a given structure, as mentioned in Chapter 3.2.1.

The main difficulty in creating an elemental distribution image can
be in choosing the right intensity scale, especially if it is an image
involving zones with extremely different content of the displayed
element. Then it is necessary to choose which part of the sample is most
important to see the details of and to adjust the scaling of that part.
However, this usually means losing a more detailed distribution of the
element in other zones.

The ILAPS software tool specially designed for processing the results
for the imaging and formation of elemental images allows the arbitrary
choice of scaling intensities, even if it is the output from various devices.
Identical processing of differently measured data allows the creation of
an image in the same way by interpolation and graphical processing.
Thus, a result can be a combination of different distributions of the same
graphics processing in one image, as shown in Fig. 7. Here, the detailed
distribution of the 2°°Pb isotope in the uraninite is inserted into the
elemental distribution of lead measured by LIBS (left), and the B3y

veinlet structure is merged with uranium LIBS image in carbonate
(right). The scaling of the LA-ICP-MS and LIBS images is unified so that
the boundary between the merged images is almost imperceptible.

The exact procedure for creating images using ILAPS is as follows. In
LA-ICP-MS the laser scans over the sample as a set of parallel lines,
which are gathered into a single file as a continuous data stream of
altering segments of background and analyte signal. This file is directly
imported into the ILAPS software where the segments are automatically
distinguished using timestamps of the laser activity from an .Iolite file
exported from Chromium - the operating software of the laser. The lines
are background corrected and rearranged into a matrix, which repre-
sents the intensities over the ablated area. The user needs to manually
set the width and height of a pixel as Ax (integration time x scan speed)
and Ay (y-offset of parallel lines) values. After the matrix is created for
each measured element, the user can use the semi-interactive graph to
adjust the image. This includes selecting the scale where the user can
define the data range that the colourmap covers, using an interpolation
method to smooth the image or selecting a colourmap.

These adjustments are necessary to be similar in the image process-
ing of both methods, LA-ICP-MS and LIBS, to produce comparable im-
ages. Using one software for this purpose is the most straightforward
method to achieve this. With a simple script, ILAPS can import an x,y

matrix from LIBS, this script can be found at https://github.com
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Fig. 7. Detailed views on combined parts of distribution maps obtained by two imaging techniques LIBS and LA-ICP-MS. Data merged and images overlaid by ILAPS

software - lead in uraninite (left) and uranium in carbonate (right).

illi/imageLIBS. The script simply rearranges the output matrix
from the LIBS measurement (for the wavelength of the selected emission
line) into the same format as the LA-ICP-MS matrix that is created by
ILAPS. After creating this matrix, it can be imported into ILAPS and
processed in the same manner as the matrix from LA-ICP-MS, ensuring
the same colourmap, scale and interpolation. Subsequently, the matrices
are combined, and the software makes it possible to determine the co-
ordinates of specific places on the distribution image which were
applied for translating different images on top of each other.

4. Conclusions

A method of dual imaging using a combination of two analytical
techniques — LA-ICP-MS and LIBS was applied to create images revealing
distribution and possible migration of elements and isotopes in a sample
of uranium ore. Elemental/isotopic imaging can display presence and
distribution of selected isotopes causing structural defects and thus can
help to better understand the evolution of geological processes, and to

identify the structures responsible for uranium migration. The images
can also provide essential information for the provenance study of
analysed uranium ore samples.

Fast LIBS scanning made it possible to perform an analysis across the
entire width of the sample, containing three mineral phases (meta-
somatite, carbonate vein, massive uraninite vein) in 20 min. The total
mapped area was 4.0 x 23.2 mm, which resulted in a chemical map of
51 x 290 locations (80 pm resolution). Using four-channel spectrometer
the entire emission spectrum was recorded and therefore suitable
emission lines can be retrospectively evaluated and additional infor-
mation on the sample composition can be obtained. After appropriate
normalisation of selected emission lines, “rough™ element images of the
sample were created to identify interesting areas in individual minerals.

The LA-ICP-MS method focused in detail on interesting areas in in-
dividual minerals and created isotopic maps of 3 x 2 mm with a reso-
lution of 20 pm (150 x 100 pixels), taking 5 h per map. The main
advantage of LA-ICP-MS imaging is the high resolution of the resulting
images together with the ability to display individual isotopes, which
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provides another added value to elemental distribution. For the specific
example given in the mapping of a uranium ore, conspicuous variations
in radiogenic isotopes of lead in unaltered uraninite samples was
revealed. Observed heterogeneous isotopic and elemental composition
of natural uraninites suggest that any further analytical studies must
take such isotopic variations into account, even in fresh samples, in
order to prevent potential errors and bias in U/Pb age determinations of
uranium mineralisation.

The aim of this work was to find a procedure for both methods of data
processing so that the data can be displayed simultaneously in one
image. From the geologist's point of view, such a picture will provide
information about both the detailed structures and the overall view of
the sample. Combination of large maps obtained by LIBS accompanied
by highly detailed LA-ICP-MS imagining can serve as a very useful tool
suitable for mineral deposit studies (mineral exploration and mining
industry sector) as was demonstrated on the analysed sample where two
different uranium mineralisation types and their possible genetic rela-
tionship were revealed.

ILAPS software specially developed for analytical data processing is
presented for the creation of output distribution images of the same
format for both LIBS and the LA-ICP-MS method. The same processing of
different output data makes it possible to obtain a resulting 2D matrix of
the same format, whether it represents the emission line signal intensity
for LIBS or cps (counts per second) of isotopes in ICP-MS. The data in the
form of a matrix is then inserted into the ILAPS software, which de-
termines the final graphic form of the image. Another advantage is that
the matrix makes it possible to determine the exact coordinates of a
specific place on the distribution map, which can be applied when
translating different maps on top of each other, as shown in this article.
The plan for the future is to automate this process and create an appli-
cation for directly combining maps of different sizes within the ILAPS
system.
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The quantification capabilities of iron-based samples were investigated using three commercially
available ultraviolet (UV) nanosecond (ns) and femtosecond (fs) laser ablation systems coupled to
inductively coupled plasma mass spectrometry (LA-ICP-MS). A comparison of three pulsed laser
ablation systems (ArF* excimer, Nd:YAG and Ti-sapphire) with different wavelengths and pulse
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time durations (15 ns, 4 ns and 150 fs, respectively) was performed. Minor and trace elements
were determined using "Fe as internal standard element. Using similar spatial resolution for all
laser systems and commonly applied operating conditions for each system, higher ion-signals
(25-30%) and more stable elemental ratios (10% TRSD) were obtained for UV-fs-LA-ICP-MS.
Scanning electron microscope images and particle size distributions measured for UV-ns-LA
systems showed a bimodal distribution formed by nano-sized agglomerates and micro-sized
molten spherical particles. In contrast, due to reduced thermal effects achieved using ultra-short
pulses, the particle size distribution measured using UV-fs-LA showed a broad monomodal
distribution (nano-sized agglomerates in the range of 50-250 nm). Matrix-matched (within
metallic samples) and non-matrix matched calibrations were applied for the analysis of Fe-based
samples, using a silicate glass (SRM NIST 610) as non-matrix matched calibration sample (glass-
metals). Improved analytical results in terms of precision and accuracy were obtained using
femtosecond laser ablation when using similar matrices for calibration. Moreover, non-matrix
matched calibration used for quantification provides more accurate results (5-15%) in
comparison with both UV-ns-LA-ICP-MS (5-30% using Nd:YAG laser and 15-60% using ArF*

laser).

Introduction

Production control and quality assurance in steel and related
industries are increasingly demanding the fast characterization
of metallic samples with low limits of detection and high
spatial resolution to reduce the required alloying material
and to shorten the process control time. Laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS)
allows direct elemental analysis of nearly all kind of sample
matrices with low limits of detection (pg g~ '~ng g "), a lateral
resolution of a few pm and a depth resolution of tens of nm."
Moreover, it is a fast and easy-to-use technique which re-
quires, for such samples, little sample preparation. Sample
material is ablated by a focused or imaged laser beam and
transported as an aerosol by a carrier gas flow from an
ablation cell into the ICP, where the aerosol is atomized and
ionized for MS detection.

Today, the most commonly used nanosecond (ns)-LA-ICP-
MS has not become a widely applied analytical technique for
routine analysis of metallic samples in industry due to fractio-
nation and matrix effects.” ® In this case, accurate analysis can

“ Laboratory for Inorganic Chemistry, ETH Zurich, 8093 Zurich,
Switzerland. E-mail: jorge.pisonero@inorg.chem.ethz.ch

" Laboratory of Atomic Spectrochemistry, Faculty of Science,
Masaryk University, Kotlarska 2, Brno 611 37, Czech Republic

only be assured using standard reference materials (SRM) of
similar composition or morphology to the sample of interest.
However, the lack of appropriate SRM is a serious restriction
for most of the direct solid analysis techniques, including
LA-ICP-MS.

All processes involved in LA-ICP-MS (ablation process, aero-
sol transport and conversion of the aerosol into ions within the
ICP), may potentially alter the stoichiometric composition of the
aerosol, resulting in unknown contributions to fractionation that
still hinder a non-matrix matched calibration strategy.”® Thus,
one of the main aims of LA-ICP-MS research is the development
of strategies to reduce fractionation. For instance, analytical
performance of laser ablation using ICP-MS detection is sig-
nificantly influenced by the particle size distribution of the
generated aerosol.”'” Chemical composition, transport efficiency
and decomposition of the aerosol within the ICP are closely
related to the size of the aerosol particles. Full vaporization or
ionization within the ICP cannot be achieved for particles bigger
than a certain critical size which depends on the material.**!!
Moreover, although it has been demonstrated that the overall
aerosol composition represents the stoichiometry of the bulk
sample.'? the elemental composition of laser generated particles
from different matrices (e.g., glass and brass) was found to be
strongly size dependent.'*!* Therefore, to obtain a particle size
distribution of the generated aerosol with appropriate small
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particle sizes, different strategies depending on the sample mate-
rial have been investigated, including the use of shorter ultravio-
let wavelengths'® or ultra-short (femtosecond) laser pulses.'®'”

In the case of the analysis of metallic samples using LA-ICP-
MS, it has been observed that the laser wavelength has only a
small effect on the ablation characteristics, while the laser pulse
duration (pulse width) appears to be the dominant parameter
affecting the stoichiometry of the generated aerosol and the
formation of molten material in and around the ablation spot.™*
The application of ns-LA has been found to produce a “heat
affected zone™ due to thermal diffusion into the target. As a
result, preferential vaporization of the sample constituents from
the melt of a metallic sample have been observed in brass.'>!®
Moreover, energy is partially dissipated into the formed laser-
induced plasma affecting the composition of the aerosol particles
formed during material expansion. In contrast, during femtose-
cond laser ablation (fs-LA) the pulse duration falls below the
thermal relaxation time (~ 10 ps).20 which is the time needed to
transfer the absorbed pulse energy from heated electrons to the
lattice, reducing the thermal effects and thus the preferential
vaporization. In this sense, some preliminary results have high-
lighted the capabilities of fs-LA-ICP-MS for the analysis of
silicates and metallic samples (brass and aluminium).>" >
Furthermore, great progress in isotopic analysis (Fe) has been
recently reported using a deep UV fs laser ablation system in
combination with multi-collector (MC)-ICP-MS. It also needs to
be mentioned that UV and deep UV laser ablation on silicates or
oxides provides accurate results for a large number of elements
when non-matrix matched calibration (similar matrix to the
sample of interest) has been applied (mineral-glass).

In this work, a comparison of three commercially available
pulsed laser ablation systems (ArF* excimer-based, Nd:YAG
and Ti-sapphire) operating at different wavelengths and pulse
time durations (15 ns, 4 ns and 150 fs, respectively) was
performed for the LA-ICP-MS analysis of Fe-based samples.
The major aim of this study was focused on the quantification
capabilities of LA-ICP-MS using commercially available sys-
tems. An extreme case of non-matrix matched calibration be-
tween glass and metals was chosen. Since the pulse duration,
fluence and wavelength play a major role in the ablation process,
operating conditions reported in the literature as optimum
parameters for a number of applications were selected. In
addition, particle size distributions of the aerosols, as most
significantly influencing parameter for the vaporization within
the ICP, were measured online. Moreover, collected aerosol
particles were analyzed by scanning electron microscope (SEM)
in order to investigate particle size based fractionation and/or
matrix effects. Pulse to pulse single hole drilling experiments were
carried out to study the changes of the particle size distribution of
the aerosol at increasing depths from the surface of the sample.

Experimental
Instrument

Laser sampling was performed using three different pulsed
laser systems: an ArF* excimer laser (4 = 193 nm) with 15 ns
pulse duration (GeoLas C, MicroLas, Goéttingen, Germany),
the 4th harmonic of a solid state Nd:YAG laser (4 = 266 nm)
with 4 ns pulse duration (LSX 500, CETAC Technologies,

Table 1 Detailed operating conditions of the lasers and ICP-MS
instrument

Laser ArF* Nd:YAG fs Ti-sapphire
Wavelength 193 nm 266 nm 265 nm
Pulse length 15 ns 4 ns 150 fs
Energy density 13Jcm™ 8Jcem? 3Jem™?
Repetition rate 4 Hz 4 Hz 4 Hz
metal

Spot size 95 um 100 pm 95 um
Ablation cell ~30 cm? ~100 cm? ~30 cm?®
volume

ICP-MS

Rf power 1400 W

Sampling depth 4 mm

Carrier He 1.00 L min~"

flow rate

Make-up Ar 0.80 L min~"

flow rate

Isotopes 27Al, 28, *'P, 33Cr, %Mn, *"Fe, “Ni,
measured **Cu, "*Mo

Omaha, NB, USA), and the 3rd harmonic of a chirped pulse
amplification (CPA)-type Ti-sapphire based laser system (4 =
265 nm) with 150 fs pulse duration (Legend, Coherent Inc..
Santa Clara, CA, USA).23

The solid samples were ablated in an airtight ablation cell
and the laser induced aerosol was transported, via a He carrier
gas (1 1 min'), to the ICP-MS (Agilent 7500cs, Agilent
Technologies, Waldbronn, Germany) using an approximately
1 m polyethylene transfer tube. Before entering the ICP, the
aerosol was mixed with an Ar make-up gas (0.8 1 min~'). The
ICP-MS was optimized prior to the analysis for the best
compromise between high signal-to-noise ratio and low oxide
formation. Detailed operating conditions of the lasers and the
ICP-MS instrument are listed in Table 1.

The particle size distribution of the laser generated aerosol was
measured using an optical particle counter (OPC). A 32-channel
HSLAS instrument (Particle Measuring Systems, Denver, CO.
USA) based on a 633 nm HeNe laser was used. The instrument
covers the size range between 65 nm and | um. The aerosol was
diluted 250-fold in helium by a bucket wheel diluter (MD19-1i,
Matter Engineering AG, Wohlen, Switzerland) before entering
the HSLAS to avoid the saturation of any channel.** Addition-
ally, the laser induced aerosol particles were collected on filters
and analyzed using a scanning electron microscope (SEM, Leo
1530 Gemini, Zeiss, Oberkochen, Germany) in order to obtain
information about particle size and structure.

Standard reference materials

A stainless steel (JK27A 66%Fe) and a pure iron (JK2D 98%)
were used for matrix matched calibrations. Moreover, a
silicate glass (SRM NIST 610) was used for non-matrix
matched calibrations. Certified content values of selected
elements are listed in Table 2.

Results and discussion
Ion-signal intensities and elemental ratios

Fig. 1 (a,b,c) illustrates the transient LA-ICP-MS ion-signals
measured for an Fe-based sample using UV ns- and fs-LA
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Table 2 Certified content values of the selected elements

Composition/ug g~

Matrix/element Fe Al Si P Cr Mn Ni Cu Mo

Silicate glass (SRM NIST 610) 457 10005 328400 343 405 433 444 430 377
Stainless steel (SRM JK27A) 661 400 169 4110 222 167 600 15890 120400 1990 25310
Pure iron (SRM JK2D) 983 800 249 2370 78 1540 7490 760 1540 180

systems. Background signals were acquired during the first
30 s. It can be seen that the ion-signal intensities measured
with fs-LA were by 25-30% higher than those acquired using
both ns-LA systems (Nd:YAG and ArF*), even using lower
fluence (~3 J em 7 versus ~8-13 J cm™?). Higher ion-signal
intensities measured by fs-LA-ICP-MS could be related to
improved vaporization of the aerosol particles within the ICP
and to higher ablation rates on metallic samples due to the
extreme power density (~10'> W cm™?). Moreover, the com-
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Fig. 1 Transient LA-ICP-MS ion-signals measured for SRM JK27A

(Fe metal sample) using: (a) UV-ns-(ArF*)LA-ICP-MS; (b) UV-ns-
(Nd:YAG)LA-ICP-MS; (¢) UV-fs-(Ti-sapphire) LA-ICP-MS.

parison of the transient signal intensities obtained for ns-ArF*
and fs-LA-ICP-MS using the same ablation cell shows that
aerosol wash out time in the case of fs-LA is about twice as
long (~35 s) as that of ns-LA. Differences in aerosol disper-
sion could be related to different particle kinetic energies, sizes
and morphologies. These effects are being currently investi-
gated in more detail.

Table 3 lists the relative elemental fractionation indices
(EFI) calculated according to Fryer er al.?® >"Fe was used as
internal standard. It was observed that for all the selected
elements, EFI was close to 1, indicating a negligible relative
change of the average elemental ratios measured over time
intervals of about 30 s. Fig. 2 (a,b.c) shows temporal profiles
of elemental ratios relative to *’Fe from an Fe-based sample,
acquired using the UV ns- and fs-LA-ICP-MS systems. Sig-
nificant amounts of spikes were observed in the measured
transient signals using ns-LA, particularly using the 193 nm
ArF* laser, indicating the presence of larger aerosol particles
entering the ICP. In contrast, the transient signals measured
using fs-LA show that these spikes were significantly reduced,
thus improving the temporal relative standard deviation
(TRSD) of the elemental ratios during the ablation time in
comparison with ns-LA (TRSDj,g = 40%, TRSDng.yvag =
20%, TRSDrigapphire = 10%). Moreover, the average values
of the elemental ratios were observed to depend on the laser
system. The elemental ratios measured by fs-Ti-sapphire and
Nd:YAG were comparable but differed from the elemental
ratios measured by ns-ArF*. For instance, 95Mo..x’”Fe in-
creases from 0.15 (using ArF*) to about 0.5 (using Nd:YAG
and fs-Ti-sapphire), while *'P/*’Fe decreases from 1 x 1073
(using ArF¥) to about 5 x IO“'(using Nd:YAG and fs-Ti-
sapphire). These variations are not related to different tunings
of the ICP and were consistently observed. Therefore, and in
order to get further insights into the aerosol structure of the

Table 3 Relative clemental fractionation index (EFI) based on *"Fe.
EFI was calculated by dividing the relative elemental ratios measured
during the last 30 s of ablation by the value obtained during the first
30 s. To show the small differences, figures are given without sig-
nificance consideration

Fractionation index (X,’”Fc)aum _\,‘."(X,"”Fc)(o,_m 9

Isotope  ArF* Nd:YAG Ti-sapphire
2TAl 1.10 1.01 0.96
298i 1.07 1.04 1.01
3p 0.99 1.08 1.00
3Cr 1.04 1.06 1.01
3Mn 1.08 1.12 1.03
SONj 1.04 0.99 0.99
%Cu 1.05 1.03 0.99
Mo 0.99 0.91 1.00
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Fig.2 Temporal profiles of elemental ratios relative to *’Fe measured
for SRM JK27A (Fe metal sample) using: (a) UV-ns-(ArF*)LA-1CP-
MS: (b) UV-ns-(Nd:YAG)LA-ICP-MS: (c¢) UV-fs-(Ti-sapphire)
LA-ICP-MS.

laser-generated aerosols before entering the ICP-MS, the
particle size distribution was studied in more detail.

Particle size distribution (PSD) of the transported aerosol

Fig. 3 (a,b,c) shows the normalized PSD of the aerosol
generated from an Fe-based sample after UV ns- and fs-LA.
Based on optical particle counter (OPC) experiments the
volume distribution (um3/um) was calculated and related to
the particle diameter (um). The volume distribution was
normalized to its maximum to compare the relative PSD
changes measured using the different lasers. The PSD obtained
using both ns-LA systems produced a bimodal distribution,
typically formed by agglomerates and melted spherical parti-
cles, which has been recently discussed by I-Iergczrlréide:r.Z(”27 A
first relative maximum of the PSD, representing the agglom-
erates, appeared at 75 nm (ArF*) and at 90 nm (Nd:YAG),
while another maximum, representing the spherical molten
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Fig. 3 Normalized particle size distribution of the generated aerosol
measured after: (a) UV-ns-(ArF*)LA; (b) UV-ns-(Nd:YAG)LA: (¢)
UV-fs-(Ti-sapphire) LA.

particles, was determined at 475 nm and at 260 nm, respec-
tively (further indications in Fig. 5). In contrast, the PSD
measured using fs-LA showed a broad monomodal distribu-
tion. In this case, the aerosol predominantly consisted of
agglomerates in the range of 50 up to 250 nm, with a
maximum volume distribution at a particle size diameter of
90 nm. Incomplete vaporization of the large particles gener-
ated using UV-ns-LA within the ICP has been proposed to be
responsible for elemental fractionation.'*!'* In order to reduce
the number of large particles, it has been demonstrated that
the aerosol can be filtered using a simple device. However, in
good agreement with previous reports it was also observed
(data not shown) that elements were not uniformly distributed
within different particle size fractions after ablation of Fe-
based samples using the Nd:YAG laser.
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Single hole drilling experiments

The PSD of the aerosol was studied at increasing crater depths
using an Fe-based sample (increasing number of laser pulses).
The ablation was stopped after 4 pulses and the PSD was
determined based on OPC measurements. Fig. 4 (a,b,c) shows
the time-dependent variations of the PSD at smaller particle
sizes (up to 350 nm) obtained for an Fe-based sample using the
ns- and fs-LA systems. Averaged values of increasing number
of pulses were used to show the time-dependent variations in
more detail.

It was observed that when using ns-ArF*LA the amount of

transported material (related to the area below the PSD graph)
increases by about 1 order of magnitude during the first 50
pulses. Small particles with a diameter <200 nm were pre-
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Fig. 5 Scanning electron microscope (SEM) images of the collected
aerosol particles obtained for an Fe metal sample using: (a) UV-ns-
(ArF*)LA; (b) UV-ns-(Nd:YAG)LA; (c) UV-fs-(Ti-sapphire)LA.
These images show the different kinds of transported particles ob-
served for each laser system but are not representative of the total
transported mass.

dominant (>99%). However, the small amount of larger
particles reached sizes of up to & 1 pm.

Temporal dependence of the PSD was different for the ns
Nd:YAG laser. The amount of small (<200 nm) and big (200—
400 nm) particles increased by a factor of 2 and by more than
one order of magnitude, respectively, reaching a maximum
after about 130 pulses. Small particles (<200 nm) were pre-
dominant (>99%) during the first 40 pulses: afterwards the
relative proportion of larger particles increased to about 10%.
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At increasing number of pulses (>200 pulses) the amount of
particles decreased and after 400 pulses the volume distribu-
tion was already half of the maximum. Using fs-LA, it was
observed that the amount of transported material, formed
only by particles smaller than 300 nm, slowly increased during
the first 150 pulses to be constant afterwards. It can be seen
that for the three laser systems the transported material
(related to the ablated material of Fe-based samples) increased
during the first laser pulses. Afterwards, the amount of
transported material remained constant, except for the
Nd:YAG laser, which showed a relative maximum of the
volume distribution within the time interval studied.

Scanning electron microscope (SEM) analysis of the collected
aerosol

In order to evaluate the size and morphology of the extracted
aerosol particles, the generated aerosol was collected on filters
and analyzed using a scanning electron microscope (SEM).
The Fe-based sample was ablated at 4 Hz during 300 s using
the ns- and fs-LA systems. The filters were placed in the
transfer tube approximately 1 m behind the ablation cell to
collect the aerosol particles and then placed on SEM-mounts
using a conducting carbon tape. The accelerating voltage of
the SEM electron gun was kept low (1 kV) to avoid charging
effects on the uncoated filter. Fig. 5 (a,b,c) shows typical SEM
images of the collected aerosol particles obtained for an Fe-
based sample using the ns- and fs-LA systems. It was observed
that using ns-ArF*LA, agglomerates and a few large molten
spherical particles with diameters >400 nm were detected,
which is in agreement with the PSD measurements. Moreover,
using ns-Nd:YAG-LA the presence of agglomerates and mol-
ten spherical particles can be seen. However, their diameters
were smaller in comparison with the particles collected at
ablation with ArF* laser. In the case of fs-LA only agglom-
erates were observed, which compares well with the PSD
measurements.

Therefore, aerosol structure, time dependent particle size
measurements and the temporal EFI summarized in Table 3
indicate that an incomplete vaporization of particles for this
type of matrix cannot be used as the argument for limited
quantification capabilities.

Matrix and non-matrix matched quantitative analysis of
Fe-based samples

To investigate the matrix and non-matrix matched calibration
capabilities for the quantification of Fe-based samples, a
stainless steel sample (SRM JK27A) was analyzed using a
pure iron sample (SRM JK2D) and a silicate glass (SRM
NIST 610) as calibration samples, respectively. Corrections for
plasma instability and ablation yield were carried out by using
"Fe as internal standard. Measured data were treated accord-
ing to the protocol described by Longerich e al.*® Data were
acquired in runs of up to 20 analyses. Each run started and
ended with two data acquisitions on a calibration material.
Afterwards, LAMTRACE software was applied for data
reduction and quantification. Table 4 (a,b.c) lists the reference
and measured values of the elemental content, the relative
standard deviations and the accuracy of the measured data

obtained using the three pulsed laser ablation systems. Accu-
racy (%) was determined as the difference from the reference
value.

Matrix matched calibration using a pure iron sample for the
quantification of a stainless steel sample for both UV-ns-LA-
ICP-MS (ArF* and Nd:YAG lasers) provided for most of the
element deviations from the reference value of around 10%.
Only some elements, such as Al or P, showed higher deviations
from the reference values. Since all applied laser systems
provide similar results. the RSD could be related to hetero-
geneous spatial distributions of these trace elements in the
sample. Precision (RSD) was improved for the 4 ns Nd:YAG
laser (2-10%) in comparison with the 15 ns ArF* laser
(10-20%), with the exception of Al. At this point, it should
be highlighted that when using UV-fs-LA-ICP-MS, the RSDs
of all the elements were significantly reduced (1-4%) and the
calculated concentrations deviated from the reference value by
less than 2% (except for Al ~8%).

Non-matrix matched calibration for the quantification of a
stainless steel sample was carried out using a silicate glass. This
quantification approach represents one of the most extreme
cases. The concentration of Fe in the stainless steel sample is
about 661400 ug g ' (major element), while in the silicate
glass is about 460 pg g ' (trace element). Therefore, dual
detector calibration was carried out to provide linearity be-
tween the pulse (< 10° cps) and analog detection mode during
data acquisition. Comparing the results obtained using matrix
and non-matrix matched calibrations, similar RSDs were
observed for the three laser systems. However, in the case of
non-matrix matched calibration, the accuracy was signifi-
cantly lower when using UV-ns-LA-ICP-MS. It was observed
that using 15 ns ArF* laser the accuracy of the measured
contents for all the elements decreased to values between
10-65%. The use of 4 ns Nd:YAG laser improved accuracy
significantly to values in the order of 5-30%. Following this
trend, it was demonstrated that the use of fs laser pulses
allowed the non-matrix matched calibration analysis within
(5-15%) of the reference values. Considering the particle size
distribution generated on glass samples in comparison with the
metal-like samples it becomes clear that two effects limit non-
matrix matched calibration for quantitative analysis. The
excimer laser (with the longest pulse duration) produces sig-
nificantly smaller particles on the glass sample. Therefore, the
calibration might represent the sample. However, due to the
long pulse duration, the aerosol generated from the Fe based
material has laser-induced alteration which leads to 10-60%
deviations from the reference value. In contrast, the 266 nm
Nd:YAG laser (6 ns) produces a broader particle size distribu-
tion during the glass ablation, which occurs most dominantly
during the first seconds of ablation. Therefore, the calibration
might be slightly biased. However, due to the shorter pulse
duration the aerosol generated from the metal is less altered
than that for the 15 ns laser and the overall deviation from the
reference values is lower. This is in good agreement with
results reported for both UV laser systems on brass. Finally,
fs aerosol generation in glass is less wavelength dependent than
is observed for a UV laser and produces also the most
stoichiometric aerosols from metals. This combination leads
finally to 5-15% deviation from the reference value.
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Table4 Elemental content values. relative standard deviations (n = 6) and accuracy values (bias from reference content) found for SRM JK27A
using matrix and non-matrix matched calibration. (a) UV-ns (ArF*)-LA-ICP-MS; (b) UV-ns (Nd:YAG)-LA-ICP-MS; (c) UV-fs (Ti-sapphire)-

LA-ICP-MS
(a) ns-ArF* laser
SRM JK27A Matrix matched calibration with SRM JK2D Non-matrix matched calibration with SRM NIST 610

Element Ref. content/pg g~

Content/pg g~

Precision RSD (%) Accuracy (%)

Content/pg g~

Precision RSD (%)

Accuracy (%)

Al 169 171 16 1 274 13 62

Si 4110 423 x 10° 9 3 6.56 x 10° 10 60

P 222 167 21 25 252 18 13

Cr 167 600 1.77 x 10° 7 6 2.25 x 10° 8 34

Mn 15890 1.67 x 10°* 12 5 2.58 x 10* 11 62

Ni 120400 1.09 x 10° 9 10 1.42 x 10° 11 18

Cu 1990 2.06 x 10° 8 4 311 x 10° 7 57

Mo 25310 2.42 x 10 23 4 1.39 x 10* 23 45

(b) ns-Nd:YAG laser

SRM JK27A Matrix matched calibration with SRM JK2D Non-matrix matched calibration with SRM NIST 610

Element Ref. content/pg g~

Content/pg g~' Precision RSD (%) Accuracy (%)

Content/pg g~

Precision RSD (%)

Accuracy (%)

Al 169 195 20 15 217 21 28

Si 4110 434 x 10° 5 6 4.99 x 10° 3 21

P 222 259 6 17 234 10 6

Cr 167 600 1.65 x 10° 2 1 1.89 x 10° 8 13

Mn 15890 1.52 x 10* 3 4 2.04 x 10* 7 29

Ni 120400 118 x 10° 3 2 1.19 x 10° 2 1

Cu 1990 1.81 x 10° 2 9 2.46 x 10° 3 24

Mo 25310 2.55 x 10* 9 1 1.91 x 10* 5 24

(c) fs-Ti sapphire laser

SRM JK27A Matrix matched calibration with SRM JK2D Non-matrix matched calibration with SRM NIST 610

Element Ref. content/ug ¢! Content/ug g=' Precision RSD (%) Accuracy (%) Content/pg g~

Precision RSD (%)  Accuracy (%)

Al 169 156 2
Si 4110 4.10 x 10° 2
P 222 220 4
Cr 167 600 1.66 x 10° 2
Mn 15890 1.59 x 10* 1
Ni 120400 1.20 x 10° 3
Cu 1990 1.98 x 10° 1
Mo 25310 2.47 x 10* 4

(3]

M=o~ —S 00
-5

188

435 x 10°
212

1.60 x 10°
1.52 x 10*
1.14 x 10°
1.91 x 10°
2.14 x 10*

]

[ R N S

— BB O —

wn

Therefore it could be well possible that deep UV-ns laser
ablation with shorter pulse duration could provide very similar
results to those obtained for fs laser ablation.

Conclusions

UV-ns-LA-ICP-MS (ArF* and Nd:YAG lasers) and UV-fs-
LA-ICP-MS (Ti-sapphire laser) were investigated with the aim
of describing their capabilities for quantitative analysis of Fe-
based samples. It was observed that ablation of Fe-based
samples using UV-ns-LA generated an aerosol with a bimodal
distribution, formed by nano-sized agglomerates and micro-
sized spherical molten particles. In the case of ns-ArF*-LA the
proportion of larger particles was smaller but the sizes of these
particles were up to | pm. In contrast, the aerosol generated by
ultraviolet femtosecond laser ablation (UV-fs-LA) showed a
broad monomodal particle size distribution (nano-sized
agglomerates in the range of 50 up to 250 nm). Higher ion-
signals and more stable elemental ratios were observed for

UV-fs-LA-ICP-MS. Matrix and non-matrix matched quanti-
tative analysis of Fe-based samples showed that the improved
analytical performance in terms of precision and accuracy was
achieved using shorter laser pulse durations. For instance.
improved accuracy in non-matrix matched analysis was
obtained for Nd:YAG-LA (4 ns) compared with ArF*-LA
(15 ns) even at a lower fluence (8 versus 13 J cm ) and longer
wavelength (266 versus 193 nm). However, this work shows
that the pulse duration as provided by UV-fs-LA-ICP-MS and
the reduced wavelength-dependence during glass ablation
opens non-matrix matched calibration capabilities for the
analysis of Fe-based samples by calibrating with SRM NIST
610 glass. However, and even more important, it also allows
the use of other calibration materials containing elements
which are currently limited (Ru, Rh, Pd, Ir, etc.) A promising
result is that the determined concentrations deviate less than
10% from the reference value, which is, considering the
differences in the concentrations of the internal standards.
surprisingly good. However, a more detailed study on a variety
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of matrices and better characterized materials will be necessary
to validate and further improve the 10% bias from the
reference values.
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ABSTRACT: Nanoparticles (NPs) applied to the surface of
some solids can increase signals in inductively coupled plasma
mass spectrometry (ICPMS). Drops containing 20 and/or 40
nm nanoparticles of Ag and/or Au were deposited on metallic
and ceramic/glass samples, and after being dried, both the
samples treated with NPs and plain targets were ablated by one
pulse per spot. The laser ablation ICPMS (LA-ICPMS) signals
were enhanced for metallic samples modified with NPs in
comparison to signals produced at the plain, untreated surface.
Maps of LA-ICPMS signals recorded for several laser fluences
show that the NP-induced signal enhancement exceeds even 2
orders of magnitude for metallic samples. No enhancement was

LASER ABLATION ICP-MS signal

no
sample surface’ NPs

500 niv

achieved for nonconductive samples. This enhancement is limited to the peripheral annular region of the dried droplet area
where NPs are concentrated due to the “coffee stain” effect. Ablation crater profilometric inspection revealed a more uniform
material rearrangement over the NP-treated surface compared with the ablated plain target. However, besides a smoother crater
bottom, no other evidence of an NP-enhancing effect was noticed, although an increased ablation rate was anticipated. Limits of
detection dropped by 1 order of magnitude for the minor elements in the presence of NPs. Observed phenomena depend only
on the NP surface concentration but not on the material or size of the NPs. An electron microprobe study of the collected
ablation aerosol has shown that aerosol particles consisting of target material are aggregated around the NPs. The hypothesis is
that such aggregates exhibit better transport/vaporization efficiency, thus enhancing signals for metallic samples. A detailed
study of the suggested mechanism will be continued in ongoing work.

Laser ablation (LA) became an effective and widespread
sampling technique for analysis of mainly solid samples.
Numerous modifications have been developed during the past
four decades. Laser beam interaction with a target causes
release of material in a form of vapor and liquid or solid
particles, finally creating dry aerosol, which is introduced into
an inductively coupled plasma source for mass or optical
emission spectrometry (ICPMS or ICPOES)." Another laser—
sample interaction effect is microplasma formation, which in
situ atomizes and ionizes the sample. This principle is the basis
for laser-induced breakdown spectroscopy (LIBS).” Apart from
the discussion about the pros and cons of both methods, which
can be found reviewed elsewhere,”™ it is necessary to
emphasize a permanent effort to improve the sensitivity and
limits of detection (LODs). Each analytical method can be
subjected to a certain optimization for achieving better
sensitivity and LOD; nevertheless, the best yielded values are
limited by a particular instrumentation and physical limits.
Namely, the level of the collected useful radiation presented as
a signal-to-background ratio is lowered by the presence of a

< ACS Publications  © 2018 American Chemical Society 11820

strong radiation continuum such as Bremsstrahlung for LIBS,
ICPOES, and other OES techniques. On the other hand, the
MS detection is disturbed practically only by the detector noise
and nonanalyte particles (flying in the inner space) or
energetic particles (coming from the outer space of the mass
spectrometer). The latter must not be confused with
interference of different ions with similar or the same m/z.
Signal enhancement in the presence of nanoparticles (NPs)
has been observed and used for many years in surface-
enhanced Raman spectroscopy (SERS). The main effect is
supposed to be an intensification of the local electric field
induced by incident photons on edges, tips, NPs, and other
nanostructures on the surface, whlch could even be amplified
by a surface plasmon resonance.®”” In any case, a strong
electric field is formed in the gap between the NP and the
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substrate plain,'® enhancing the emission of seed electrons. It
was also found that NPs are fragmented into smaller ones
under laser irradiation on a 0.1 ns time scale for gold and on a
femtosecond time scale for TiO, NPs. This change of their
dimensions influences the resulting signal amplification.'’
Moreover, another effect of the ion signal enhancement has
been observed and used in laser desorption ionization (LDI)
techniques. Thermal mechanisms are more dominant for low
irradiances in LDI than for high irradiances (10° W cm™) in
LA. Very important is the heat transfer influenced by the
thermal conductivity of the NPs.'>

Efforts to obtain signal enhancement have led to the use of
NPs also in the field of LIBS. The first study presented a signal
increase by the presence of NPs on the sample surface in LIBS
of nondesiccated plant leaves.'” Without NPs, the yielded
LODs were inferior compared to those for ICP. Later, the
following two aspects were theoretically suggested and
experimentally confirmed with nansecond Nd:YAG lasers:
the ablation threshold is significantly lowered on metallic
materials,'* and the magnitude of signal amplification induced
by the presence of NPs depends on the diameter of the NPs,
distances between the NPs, the incident laser wavelength, and
the irradiance.'”~"” However, the 2-fold amplification for the
lines Cu(I) 510.6, 515.32, 521.86, and 578.29 nm was also
observed on a copper target using a SO fs laser.'® An
intensification of the molecular bands of the AlO B>X* —
X*E* band system was also observed while using AgNPs."”
The amplification of the band emission at longer gate delays—
around 50 ps—was due to the higher primary concentrations
of Al atoms enhanced by the NP surface effects mentioned
above. The LIBS sensitivity and LODs in analysis of solutions
were substantially enhanced by two effects: the preconcentra-
tion effect of drying a solution drop on a substrate and the NP
effect, when NPs were deposited onto the substrate prior to
the sample drop.”” A recent study on the effect of AgNPs with
combination of lowered pressure in air showed the best NP-
induced signal enhancement at a pressure of 400 mbar for the
Pb(I) 405.78 nm line.”’ Among the other parameters, such as
the gate delay and the pulse energy, it was only the ambient
pressure which dominantly influenced the signal enhancement
by NPs.

An optimization of the LA process, namely, part of a laser—
sample interaction, lies in the elimination or substantial
suppression of matrix effects, the production of regular craters
(best smooth cylinder without any melting and cracks), and
the best level of the analytical signal. To fulfill these
requirements, short laser pulses, short lasing wavelengths,
and a sufficiently high irradiation are recommended. This is
because of a shorter penetrating depth and a shorter heat
propagation path in the sample body. Nonthermal ablation is
thus required to reduce selective evaporation.”””** These
items are mostly valid for both LIBS and LA-ICPOES/ICPMS
techniques. While the irradiation could be relatively easily
controlled and optimized, the laser wavelength depends on the
quality of a particular laboratory’s equipment. Furthermore, the
LA process should ideally produce an aerosol. Its particles’
elemental composition should fully reflect the elemental
composition of the original sample, ie., a stoichiometric
representation of the sample.” This requirement applies mainly
to LA-ICPOES/ICPMS. To fulfill this requirement, the
particle size distribution of the aerosol must allow the
complete evaporation of the particles in ICP. Also, the
ablation cell flushing and transport tubing should not change

the garticle transport efficiency by their size and composi-
tion.”” The particles’ sizes and their size distribution are
strongly influenced by the laser parameters, the sample
properties, and the ablation atmosphere (gas, pressure).’
There are also fluctuations in the arrival time and the size of
individual ablated particles transported to the ICP.**

Surface phenomena in LA-ICPMS have been studied in
terms of aerosol redeposition around the ablation crater.”* The
redeposition is efficiently reduced by the use of a helium
atmosphere instead of an argon one. Also, the sensitivity of the
LA-ICPMS analysis increases. The difference between the
ablation yielded from the first pulse on the fresh surface and
the one yielded from other pulses may not be as critical as in
the case of LIBS. The reason is that the aerosol formation, its
flush out of the interaction cell, and its dispersion in the tubing
between this cell and ICP lead mostly to a mix of material from
several pulses. Besides, the sample surface is often pretreated to
obtain a smooth area. However, monitoring the signal peaks
from individual pulses (i.e., mapping the sample surface) at a
low repetition rate is possible.”®

Although NPs in solution are nowadays routinely analyzed
with ICPMS (so NPs are the analyte), their effects on the
ablation of the sample surface have not been investigated yet.
Therefore, our work aims to demonstrate the effect of silver
and gold NPs on the measured LA-ICPMS signal of elements
which are constituents of smoothed reference aluminum alloy,
brass, glass, and glaze samples.

B EXPERIMENTAL SECTION

The used equipment consisted of an Agilent 7500ce (Agilent
Technologies, United States) ICP mass spectrometer with a
quadrupole analyzer and an octopole reaction cell. This
instrument was operated at the forwarded power of 1500 W,
Ar gas flow rates of 15 (outer plasma gas) and 0.7 (auxiliary) L
min~", He carrier flow rate of 1.0 L min™", and Ar makeup gas
flow rate of 0.6 L min~". The ablated material was transported
through a polyurethane tube (i.d. 4 mm, length 1 m) to the
ICPMS system. For minor elements (isotopes ***Pb, ®*Cu, 2
Mg, and *’Fe), the dwell time per isotope was adjusted to 0.1 s
and for major elements (isotopes ’Al and '“’Ag) to 0.01 s.
The total length of one cycle was then 0.246 s. Laser ablation
was performed with a New Wave UP 213 system (New Wave
Research, Fremont, CA) equipped with a frequency-
quintupled pulsed Nd:YAG laser emitting a wavelength of
213 nm at a pulse duration of 4.2 ns fwhm with a flat-top beam
profile and a helium-flushed xyz movable supercell. We chose
an ablation spot of 100 gm diameter to ensure a sufficient
isotopic signal and a representative area containing NPs on the
sample surface. The line scan was performed, with an ablation
speed of 0.5 mm s™' at a repetition rate of S Hz, i.e., a chain of
adjacent 100 um ablation spots was produced, and the NP area
was crossed by about 25—32 ablation spots close to the
equator. The applied pulse energy was varied corresponding to
the needs of the experiment so that the fluences were 4.5, 3.7,
3,2,1,04,03,and 02 ] cm™>

The shape, structure, and composition of laser-generated
particles were studied after their collection on a polycarbonate
membrane filter (25 mm in diameter and 0.2 um pores,
Cyclopore, Whatman) using scanning electron microscopy
(SEM; Mira 3, Tescan Orsay Holding, Tescan Brno, Czech
Republic; 10 kV, backscattered electron mode).
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The shapes and profiles of ablation craters were studied with
an optical 3D microscope (Contour GT-X8, Bruker, United
States).

Aluminum alloy AW 2030 was used as a model sample. The
composition was (wt %) Al (92), Cu (3.9), Pb (1.2), Mg (0.8),
Mn (0.6), and Fe (0.1). The sample surface was carefully
polished (FEPA 800, 1000, 4000, diamond pastes 3 and 1 ym,
cleaned with IPA) prior to the application of drops containing
NPs. A drop corresponded to S uL of a water suspension
containing spherical NPs and was freely dried in the open air
onto the sample surface. Typically, the created drop was
shaped in an almost circular area with a diameter of about 2.7—
3 mm.

Other materials has been tested to study the effects of the
physical properties on the signal enhancement: alloy AW 6082,
Al (97 wt %), Cu (<0.1 wt %), Pb (<0.003 wt %), Mg (0.9 wt
%), Mn (0.7 wt %), Si (1.0 wt %), and Fe (0.1 wt %); brass
MBH, Cu (62.1 wt %), Zn (35.3 wt %), Pb (1.3 wt %), Al (0.4
wt %), Fe (0.3 wt %), and Ni (0.3 wt %); certified glass
standard reference material (SRM) NIST 610 as commonly
used material for LA-ICPMS calibration; ceramic glaze tile
L600 (Keramika HOB in Horni Briza, Czech Republic, as a
subsidiary of Lasselsberger Co.).””

Two types of spherical nanoparticles (Ag and Au) in two
sizes (20 and 40 nm) were used (citrate, NanoXact,
Nanocomposix, United States; mass concentration for Ag
~30 ng mL™" and for Au ~50 ng mL™").

B RESULTS AND DISCUSSION

The investigation of the NPs’ influence on laser ablation brings
numerous questions. In the present study, we aim to launch
basic information regarding a possible influence of NPs on the
LA-ICPMS signal. In other words, we investigate whether the
presence of NPs on the surface of the sample changes the
measured intensities of the isotopes and whether NPs
eventually alter the laser sampling process.

The experimental approach is best illustrated by Figure 1. A
rectangular matrix of ablation spots was created so that the
matrix covered the NP area. The measured time signal sections
of the isotopes were assigned to the particular ablation spots.

Each elemental color map (deep red as maximum, dark blue
as minimum, or black as zero) is also accompanied by the
numerical scale to compare the absolute isotopic intensities of
the elements.

The signal enhancement of individual analytes was observed
only for metallic samples (Al alloys and brass). The NP layer
did not bring any improvement for LA-ICPMS of non-
conductive materials such as glass or ceramics. As a model
example for the experiment, aluminum alloy AW 2030 was
used. The influence of the nanoparticle type (composition and
size) and the laser fluence is discussed below.

Four kinds of NPs were investigated (40 nm Ag, 20 nm Ag,
40 nm Au, and 20 nm Au), but the yielded results are very
uniform. Therefore, we demonstrate the analysis of the NPs’
influence on the aluminum alloy sample with 40 nm AgNPs.

The droplet photo and the distribution of the Ag intensity
show that the NP distribution is more uniform than the
distribution of any other element intensity. It can be clearly
seen (Figures 1 and 2) that the highest intensities correspond
to the highest NP concentration in the droplet peripheral parts
(due to the coffee stain effect). Regardless of the fluence, the
central part of the droplet provides substantially lower element
signals than the droplet ring. The signal enhancement is thus a

9+36
L+31
1+32

Figure 1. Photograph of the ablated area with a dried drop of 40 nm
AgNPs and craters on the aluminum alloy (AW 2030) sample for a
fluence of 4.5 ] cm™ (A) and intensity maps with xy cross-sections for
Mg (B), Ag (C), and Pb (D).

Ag Cu Fe Mn Al MgPb
asiol | S §H-10

Figure 2. LA-ICPMS intensity maps of the selected elements for the
droplet with 40 nm AgNPs and its rectangular vicinity for fluences of
0.2—4.5 ] cm™ on the aluminum alloy (AW 2030).

nonlinear function of the Ag NP concentration. The
enhancement amplitude can exceed 2 orders of magnitude in
the ring with the highest NP concentration.

The threshold NP concentration from which the element
signals are enhanced can be simply estimated by visual
inspection of the analyte element signal (Pb, Mg, Cu, ...) and
Ag or Au signals (cps) in the 2D maps and selected cross-
sections from the maps (examples of the maps and cross-
sections can be seen in Figure 1). First, it is necessary to
recalculate the Ag or Au cps signal to the local concentration of
NPs. On the basis of the knowledge of the total NP number in
the deposited droplet, which is merely equal to the product of
the pipetted droplet volume and the NP concentration
declared by the manufacturer, the single NP-related intensity
of the Ag or Au signal was obtained by dividing the sum of all
measured Ag intensities (cps) over the dried droplet area by
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the total number of NPs in this droplet. Now we know “how
many cps’s correspond to one NP”. Supposing a linear
dependence of the Ag or Au signal (cps) on the number of
AgNPs or AuNPs (may not be completely fulfilled for a high
cps), the Ag or Au 2D intensity map of the dried droplet can
be converted to the concentration of NPs, c(AgNPs or
AuNPs). It follows from the experiment that 0.3 NP
corresponds to 1 cps. Finally, the moment of the sudden
increase of the analyte element signal in the cross-section
profile can be read as well as the corresponding Ag or Au
signal. This moment corresponds to (3—4.5) X 10° NPs per
analyzed 0.1 X 0.1 mm? square. The threshold density is then
(3-4.5) x 107 NPs mm™2. However, the yielded value suffers
from considerable uncertainty. We are currently not able to
responsively present precise data to provide differences among
various elements, fluences, and materials. More accurate results
could be obtained from a set of new special experiments with a
much better defined surface concentration of NPs and a larger
ablated area with a constant ¢(NPs) for better statistics.
Ablation craters are clearly distinct at fluences exceeding
about 3 J cm™ The limit of crater observation is at a fluence of
1 J em™ Craters are very poorly recognizable at fluences of
0.4—0.2 J cm™ The craters were measured with a scanning
electron microscope in the backscattered electron (BSE) mode
(Figures 3 and 4) and an optical profilometer (Figure S) to

Figure 3. Crater images by SEM-BSE for a fluence of 4.5 ] cm™
without NPs (A) and with AgNPs (B) and crater detail without NPs
(C) and with AgNPs (D).

find the differences in their structure, which could eventually
be dependent on the presence of NPs. At fluences of 1 J cm™
and less, the profiles were not measurable. At fluences of 3—4.5
J em™, it could be stated that the ablation with NPs on the
surface created more regular and smoother crater profiles than
the one without NPs present (depicted for 4.5 J cm™ in
Figures 3—5). For a fluence of 1 ] cm™>, the crater profile is
nearly not resolvable from the surrounding untouched surface
without NPs. The crater SEM picture in Figure 3A shows the
single pulse ablated surface on the aluminum sample without
NPs (A) and with NPs (B) and details of the craters without
NPs (C) and with NPs (D). The situation on the drop
boundary is illustrated by Figure 4. The crater area consists of
two strictly separated parts. The splashed area is without NPs,
and the smooth area is with NPs. These results from SEM-BSE
are supported by optical profilometry (Figure 5). The black

Figure 4. Crater images by SEM-BSE for a fluence of 4.5 ] cm™ on

the interface of the droplet with 40 nm AgNPs (right) and the surface
without NPs (left).

0.05 0.10 0.15 0.20

mm

0.00 0.05 010 015 020 0.25 0.30
mm
Figure 5. Crater images and sections of the sample AW 2030 by

optical profilometry for a fluence of 4.5 ] cm™ without NPs (A) and
with 40 nm AgNPs (B).

line marks the scanning path for the surface without NPs (A)
and with NPs (B) at a fluence of 4.5 J cm™. Craters and the
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adjacent surface morphology are better visible in Figure 5,
which demonstrates that the presence of NPs apparently makes
the craters a little bit smoother and the material is less
splashed.

Once more, it can be said that the material rearrangement is
substantially more uniform thanks to the presence of NPs. A
question remains about the exact mechanism involved. Some
mechanisms are reviewed in the Introduction. However, these
mechanisms were described in the frame of immediate laser—
material interaction. Such interaction demonstrates itself in
LIBS, but LA-ICPMS measurement reflects changes of the
transported aerosol.

The second step in the investigation of the NPs’ influence
on LA-ICPMS is thus calculation of the LOD. Also, in this
aspect, we can infer that the ablation through NPs also has a
very positive effect not only on the measured isotopic
intensities but also on the LOD for the minor elements in
the alloys. This can be a very useful finding in the
determination of minor and trace elements. The calculated
30 values are presented in Table 1. The presented values are

Table 1. LODs (ug g™') for Different Fluences (J cm™2)
without and with 40 nm AgNPs (Sample AW 2030)

fluence Mg Mn Fe Cu Pb
Without NPs
0.2 120 440 1300 5400 49
0.3 110 360 970 4800 4.0
04 S0 190 730 2500 22
1.0 42 87 440 1100 LS
2.0 S1 51 450 580 25
3.0 60 35 350 450 21
37 30 26 250 340 174
4.5 46 23 270 280 3.0
With 40 nm AgNPs

0.2 3.3 73 750 250 0.15
0.3 5.5 77 610 430 0.29
04 52 60 490 370 0.27
1.0 2.8 30 280 220 0.15
2.0 29 20 170 160 0.16
3.0 1.7 11 120 84 0.10
3.7 1.9 14 140 110 0.11
4.5 1.9 12 130 98 0.12

calculated for all the minor elements in the aluminum alloy
(AW 2030) sample with 40 nm AgNPs for brevity, but very
similar results were also obtained for other NPs and the brass
MBH sample. The calculation of the LOD with NPs is based
on the average intensity of the particular isotope in the ring of
maximum intensities (Figure 1B—D). Although the LOD is
generally influenced by a big error, the yielded differences
between the surfaces without and with NPs mostly exceed 1
order of magnitude. There is no doubt that the observed LODs
are statistically significant. The absolute values of the LOD
both with and without NPs are relatively high, but it should be
taken into account that the measurement was done by the
system of one pulse per fresh spot. The material intake was
thus very limited. However, the resulting structure is very clear
and expectable. The LODs also decrease with increasing
fluence.

The third step of our work aims to explain the observed
phenomena on the microscopic scale. To do this, an additional
SEM analysis was performed to explain some experimental

facts (Figure 6). The structure of the aerosol generated by the
laser ablation of a sample with/without 20 nm AgNPs was

A)

SEM HV: 10.0 kV WD: 8.76 mm MIRA3 TESCAN

View field: 3.69 pm Det: BSE Low Energy 1 ym
SEM MAG: 150 kx  Date(m/dly): 09/112/17

Performance in nanospace

SEM HV: 10.0 kV WD: 9.03 mm
View field: 2.77 pm Det: BSE Low Energy 500 nm
SEM MAG: 200 kx  Date(m/dly): 09/12/17

MIRA3 TESCAN

Performance in nanospace

Figure 6. Images of aerosol particles captured on the filter at a fluence
of 1] cm™ (A) without and (B) with NPs on the surface (sample AW
2030).

studied by SEM and energy-dispersive spectroscopy (EDS)
after having done a particle collection on filters. A fluence of 1
J em™ was used to collect a sufficient amount of particles after
20 min of ablation. Two different particle generation
mechanisms are typical for a nanosecond laser ablation: first,
a condensation of small particles (tens of nanometers) from
the vapor and, second, a direct ejection of droplets.”*** The
condensed aerosol particles create clusters with a size typically
up to 300 nm.*” This statement is proved by Figure 6A
(concerning the ablation of a sample without NPs). The
aerosol contains condensed small particles creating agglomer-
ates and large spherical particles (up to micrometers in
diameter) arisen from droplet solidification. The EDS analysis
showed a fractionation effect typical for nanosecond ablation:

DOI: 10.1021/acs.analchem.8b01197
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volatile elements are preferentially vaporized and condensed to
primary small particles (Pb, Mg) that agglomerate together.
Large spherical particles arose directly from the melted
material enriched with low-volatility elements (Cu), as
shown in Table 1. Al, which was the main component of the
alloy (92 wt %), was distributed homogeneously in both types
of particles. The investigation of aerosol formed by laser
ablation of the alloy covered by Ag nanoparticles proved a
different mechanism of laser—sample interaction.

The aerosol was comprised of two types of particles, but the
structure and composition were different compared to those
from the ablation of a plain alloy surface. The spherical
particles were also present, but they were much smaller; the
dominant size was a diameter of around 20 nm (Figure 6B).
The size corresponded to the original size of AgNPs in the
solution, so it could be considered as a direct release of the
NPs (or their part) from the surface without evaporation and
without any following condensation process. The spherical
particles were surrounded by agglomerated particles, creating
compact clouds on the filter. The EDS analyses of different
particle structures done for aerosol proved a higher content of
Ag in the spherical particles. All results of EDS analysis are
summarized in Table 2. The ratios were calculated from five

Table 2. Ratios of Element Content (Spherical Particles per
Nanoparticle Conglomerate) (Sample AW 2030)

spherical/agglomerated
alloy composition and boiling points of the  particle mass ratio of each
elements element
element content BP
element (wt %) (°C) no NPs with NPs
Ag - 2162 = 1.8 + 0.5
Al 92 2519 1.0 £ 04 0.58 + 0.19
Cu 3.9 2562 7.5 £ 24 0.19 + 0.12
Mg 09 1091 08 +£03 1.1 £05
Pb 12 1749 024 + 0.14 1.1+ 04

average values (five points on different particles of the same
type); the uncertainty values are caused by high relative
standard deviations (up to 40%) of the measurements due to
the irregular sample surface. Consequently, the accumulation
of Ag in this type of particle was conclusive even though the
results were influenced by the surrounding agglomerates. The
results may indicate the theory that the spherical particles
mainly composed of the AgNPs in their original form serve as a
condensation core for other compounds.

Comparing the role of the individual components/elements
in the particle formation is very hard because the properties
and composition of the alloy surface layer change with the
application of NPs (so we analyze different samples, comparing
them to the original). However, the EDS analysis shows more
volatile elements (Mg, Pb) distributed homogeneously in all
particles, while the incidence of low-volatility compounds (Cu,
Al) is mainly detectable in agglomerates (Table 2). This
indicates some connection between nanoparticles and more
volatile compounds, which probably supports ICPMS signal
enhancement, as we observe the best results for Pb (see Figure
2 or Table 1. On the other hand, the enhancement works also
for higher volatility elements (Cu). This can be attributed to
the better evaporation efficiency of smaller particles in ICP that
are enriched mainly of Cu, while during plain sample surface
ablation Cu accumulates mainly in the large spherical particles
not completely vaporized in ICP. This implies that signal

enhancement is individual for each sample compound and is
dependent on its physical properties (influences aerosol
formation), definitely fractionation during particle transport
and in ICP.

In any case, it was shown that the character of the aerosol is
altered by the presence of NPs on the sample surface. We
suppose that NPs change the element fractionation because
each isotope shows a different enhancement. The observed
absolute differences in the signal enhancement are greater for
lower fluences (in this case, only the fluence of 4.5 J ecm™
approaches the irradiation of 1 GW cm™). This fact is in
accordance with the known theory which states that non-
stoichiometric ablation has greater effect at lower irradiances.

B CONCLUSION

It was experimentally proved that, regardless of the NP
material (Ag, Au) and size (20 or 40 nm), NPs on the used
aluminum and brass sample surfaces are capable of causing a
substantial signal enhancement during an LA-ICPMS analysis.
This phenomenon was shown on 208pp, S3Cy, Z‘SMgn and “’Fe
signals. The signal enhancement is conditioned by the
conductivity of the sample as it has not been observed for
nonconductive materials such as glass or ceramics. For the
given lasing wavelength of 213 nm, the best signal enhance-
ment exceeds 2 orders of magnitude in the peripheral annular
region of the dried droplet area where the highest NP
concentration occurs. These positive results on metallic targets
may indicate some involvement of the surface plasmon
resonance and intensification of the electric field between the
NPs and the surface. On the other hand, the ICPMS signal
increases with the surface NP concentration monotonously,
which is not typical for the surface plasmon resonance, where
emission decreases over a critical NP concentration.'*~"” The
corresponding 36 LODs are decreased by about 1 order of
magnitude in the presence of NPs. Crater formation and the
character of the aerosol particles found by profilometric and
SEM measurements indicate that there is no evidence of
enhanced material removal in the presence of NPs but the
ablation single-pulse crater is smoother on the surface with
NPs. It also proves that aerosol particles of the metallic target
probably condense/aggregate on the NPs as cores. In such a
way, aggregated particles exhibit better transport/vaporization
efficiency and thus give rise to signal enhancement. The
particular phases of the aerosol formation in the presence of
NPs will be the subject of ongoing works together with the
study of the mechanism. The observed facts drawn from our
preliminary experiment confirm that the NP-induced signal
enhancement should be taken into account for LA-ICPMS
analysis as a possible means of sensitivity improvement. The
limitation of this approach consists in a single-pulse ablation
per spot which indicates that a larger affordable area is required
on the sample. The practical advantage of application of NPs
for LA-ICPMS analysis consists in lesser damage of metallic
samples (such as metallic foils, thin layers, and objects of
cultural heritage) when applying lower laser fluence while
necessary sensitivity is preserved. This finding represents a
substantial contribution to establishing LA-ICPMS as a
nondestructive analytical method.
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ARTICLE INFO ABSTRACT

Keywords: In this work we discuss how sample surface topography can significantly influence the laser ablation (LA) process
Laser ablation and, in turn, the analytical response of the LA Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
LA-ICP-MS

method. Six different surface topographies were prepared on a certified aluminium alloy sample BAM 311 and
SRM NIST 610 to investigate the phenomenon. All the samples were repetitively measured by LA-ICP-MS using a
spot by spot analysis. The effect of laser fluence in the range of 1-13 J/cm? was studied. For majority of measured
isotopes, the ICP-MS signal was amplified with roughening of the sample surface. A stronger effect was observed
on the Al alloy sample, where the more than sixty-time enhancement was achieved in comparison to the polished
surface of the sample. Since the effect of surface topography is different for each analyte, it can be stated that
surface properties affect not only the ICP-MS response, but also elemental fractionation in LA. The presented
results show that different surface topographies may lead to misleading data interpretation because even when
applying ablation preshots, the signal of individual elements changes. The utmost care must be taken when
preparing the surface for single shot analysis or chemical mapping. On the other hand, by roughening the sample
surface, it is possible to significantly increase the sensitivity of the method for individual analytes and supress a
matrix effect.

Surface analysis
Surface topography
Fractionation

1. Introduction

Laser ablation is a simple and straightforward process of material
sampling prior to qualitative and quantitative elemental analysis [1,2].
The high-efficiency laser beam focused on a sample surface converts a
small portion of the sample into its vapor phase constituents (vapor and
particles). The vapor can then be analyzed either by acquiring the
spectral emission in laser-induced breakdown spectroscopy (LIBS) or by
transporting to another measurement system in inductively coupled
plasma optical emission spectrometry or mass spectrometry (LA-IC-
P-OES/MS). There are no sample type or size requirements, there is no
need for tedious sample preparation and it is possible to perform
spatially resolved measurements (lateral and depth). Chemical analysis
by laser ablation is considered semi-destructive since it requires

typically less than a few micrograms of the sample and the ablation
crater diameter is in the range from units to hundreds of micrometres
[3]. Despite analytical methods based on laser ablation, such as LIBS and
LA-ICP-MS, are well established, the complex process of laser-matter
interaction is not fully understood. Understanding fundamental laser
ablation mechanisms is important in order to efficiently couple the laser
beam into the sample, ablate a reproducible quantity of mass, control
fractionation and plasma ignition [2]. In the first stage of laser-matter
interaction, the laser interacts with the sample’s surface, therefore the
surface properties directly influence all mentioned mechanism.

In the case of LIBS, irradiances well above the breakdown threshold
are used. Then, the surface morphology affects the emission signal in the
same way for each element. However, in the case of LA-ICP-MS, the
situation can be more complex because the analytical response is related
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to the aerosol formation and consequent particle composition rather
than to the plasma composition. The aerosol quality is influenced by loss
of aerosol due to particle size, which affects the transport to the ICP as
well as its vaporization in the torch, and by unrepresentative composi-
tion with respect to the sample bulk [2]. Thus, quantitative analysis
typically requires matrix-matched calibration standards which might be
difficult to obtain or fabricate in some cases. In addition, for chemical
mapping and single pulse analysis, differences in the matrix can cause a
misinterpretation of the obtained data [4]. Utilization of laser ablation
in analytical chemistry including a discussion about calibration, opti-
mization and fractionation is described in detail in Ref. [2,5-7].

The amount of ablated mass and its composition are highly depen-
dent on the laser and sample properties. For samples containing con-
stituents with different melting-points, fractionation can occur [8,9].
Quantitative evaluation of elemental fractionation can be done in terms
of fractionation index (FI). The FI describes a change in the intensity
ratios of elements in particles generated by LA. In the study [10], the FI
of thirty-four elements in NIST 610 were determined. As a result, the
elements were divided into two groups according to their temperature of
boiling and melting point. Elements with a high melting point, such as
Mn, Ni, Al, Cr, and Mg, have an FI close to 1. For the second group of
elements with a low melting point, such as Pb and Bi, the FI increased to
values higher than 1.5. The same effect of the fractionation process was
also demonstrated on aluminium alloys [9], where lead is captured in
small clusters (contrary to the homogenous NIST 610 sample). It has
been shown that those lead-contained clusters are ablated preferentially
and the volcano-like features at the crater’s bottom are created at those
points. This effect decreases with an increasing laser pulse fluence. The
effect of laser pulse fluence on fractionation was studied also in Ref. [11]
where the ICP-MS intensity of elements with a high FI (Pb and Bi) in
NIST 610 decreased with an increasing fluence. For other elements, the
intensity naturally increased together with fluence. Thus, the measured
ratios between the elements can change rapidly depending on the flu-
ence used.

With increasing fluence, all components of the sample material are
more likely to melt. Bigger particles are produced during the melting
process. It has been shown that the elements are not uniformly distrib-
uted within different particle size fractions [12]. For example, enrich-
ment of Cu, Zn, Ag, Tl, Pb and Bi was observed in the aerosol particle
fraction bellow 125 nm in comparison to larger particles in a glass
sample. On the other hand, larger particles are not fully vaporized,
atomized and ionized completely in the ICP. Thus, they also contribute
to elemental fractionation effects. Consequently, a fluence which is too
high can shift the size distribution of the aerosol in an undesirable di-
rection. Moreover, the sample surface properties also play a significant
role in the laser-matter interaction and ablation process. The influence
of sample surface properties on LA is well demonstrated by depositing
nanoparticles on the sample surface [13,14]. It is expected that the
topography of the sample surface is another factor that influences the
fractionation. Based on observations, the non-symmetrical vortex ring
appears when ablation occurs close to the edge of the sample. The origin
of the vortex ring results from the inward flow of the background gas
from the edge to the low pressure region around the laser spot. This
vortex ring improves the heat transfer and cooling rate of the vapor
plume and thus influences the results observed by the ICP-MS system
[15].

The effect of surface topography in the generation of chemical maps
has already been studied by LIBS [16]. Five samples with a different
surface topography were measured and it was concluded that surfaces
with higher roughness values yield higher optical emission signal in-
tensities despite the same composition. The influence of steel surface
topography on the optical emission signal of laser induced plasma was
studied in Ref. [17]. Conclusions of both studies are in good agreement.
In addition, the authors determined that the influence of the surface
topography had been diminished by higher laser irradiances. In Refs.
[18], the roughness effect of the sample surface on the hydrogen signal
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was studied by LIBS in a Mars-like atmosphere. The authors observed
that for targets with obvious roughness, the hydrogen spectral line in-
tensity had increased significantly with the increasing exposure of the
target surface to the laser induced plasma.

One of the goals of the LA-ICP-MS method development is to increase
the spatial resolution of the analyses, which is accompanied by a
reduction in the ablation crater (area) and the number of pulses (depth)
[19], which can even lead to analysis from a single shot (SS-LA-ICP-MS).
This method is known e.g. in geochronology [20,21]. The reduction of
the number of pulses per analysis is performed also if the minimum
destruction of the sample is required [22]. Generally, LA-ICP-MS is
considered a method linking compromise between low destructiveness
of samples and the analytical assumptions of the method, allowing the
determination of trace amounts of most elements together with isotope
ratios. If the emphasis is on the non-destructiveness of the sample, for
example in archaeological research or the analysis of cultural heritage
samples, the ridges are usually analyzed without prior surface treatment
[23-28]. Despite this growing trend in LA-ICP-MS analysis, no study has
been focused on the examination of surface topography influence on this
technique’s performance. Therefore, the aim of this work is to determine
the effect of the surface topography on the process of laser ablation and
on the ICP-MS response. For this purpose, six samples with different
surface roughness were prepared from aluminium standard with a
well-defined concertation of minor elements and from SRM NIST 610.
The surface topography for each sample was measured with an optical
3D microscope. Afterwards, the analytical response of selected isotopes
was measured by LA-ICP-MS and the elemental fractionation for samples
with different surface roughness was discussed.

2. Experimental
2.1. Samples

Certified glass standard reference material (SRM) NIST 610 and
aluminium alloy standard BAM 311 (BAM, Germany) samples were
utilized throughout the whole experiment. The composition of the NIST
610 and the alloy is guaranteed by the supplier, for the BAM 311 see
Table 1. As for the NIST 610, the matrix components are 72% SiO», 14%
Na,0, 12% CaO and 2% Al,03. The nominal mass fractions of 61 ele-
ments added to the glass matrix are in the range of 100 mg/kg to 500
mg/kg [29]. For purpose of experiment were used 6 pieces of NIST 610
samples embedded in 1 inch diameter resin molds. The aluminium alloy
standard was delivered in a form of a block from which the six samples
with dimensions of 15 x 15 mm in size and 10 mm in thickness were
produced using high precision metallographic saw Secotom-50 (Struers,
Germany) with diamond cutting wheel.

The different samples surface roughness was produced by wet
grinding or polishing using different silicon carbide papers (from #80 up
to #2000) or 3 pm and 1 pm diamond pastes. An automatic,
microprocessor-controlled machine Tegramin 30 (Struers, Germany)
and pre-set up the lowest force of 5 N for each sample was used for wet
grinding and/or polishing procedure with the aim to avoid 1) the un-
wanted changes in the alloy surface microstructure, i.e. to supress any
kind of a phase transformation, to minimize the probability on inter-
metallic phase particles pull out and to neglect the mechanical defor-
mation provided by the contact force between sample and grinding
media, and 2) the foreign particles introduction onto the specimen’s
surface, i.e. to minimize wear of the sand paper(s) and release of the
grinding media. For this purpose, were the samples after each 5 min
sequence removed from the grinding/polishing machine, washed with
acetone in an ultrasonic cleaner and dried by compressed air. A final set
contained 6 samples with different roughness (the roughest sample was
grinded with paper #80; the smoothest sample went through a complete
polishing process) for further investigation were manufactured.

The final surface roughness of samples was measured with an optical
3D microscope (Contour GT-X8, Bruker, USA) within the area of 2 mmz,
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Table 1
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Chemical composition of aluminium alloy standard BAM 311 in nominal content in mass concentration percentages (Figures in bold type are certified, figures in small

italic type are only approximate.).

REF NO. Description
BAM 311 Aluminium Alloy Li 0.00053 Be 0.00052 Na 0.0018 Mg 1.567 Al Bal. Si 0.204 Ca 0.00056 Ti 0.056 V 0.0240
AlCuMg2
Cr 0.104 Mn 0.694 Fe 0.310 Ni 0.052 Cu 4.653 Zn 0.200 Ga 0.0159 Zr 0.140 Cd 0.0013
Sn 0.0127 Pb 0.0504 Bi 0.0500
Table 2. 2.4. DustTrak DrX monitor
The DustTrak™ DrX Aerosol Monitor (TSI, USA) is a light-scatterin
2.2. LA-ICP-MS (TSI, USA) s &

The analytical equipment consisted of an excimer laser ablation
system Analyte G2 (Photo Machines Inc., WA, USA) and an ICP-MS
Agilent 7900 (Agilent Technologies, Japan) with a quadrupole analy-
ser and an octopole reaction cell to attenuate polyatomic interferences.
This instrument was operated at the forwarded power of 1500 W, with
Ar gas flow rates of 15 (outer plasma gas) and 0.7 (auxiliary), He carrier
of 0.65 and Ar make-up gas of 0.6 1/min. The ablated material was
transported through a FEP (Fluorinated Ethylene Propylene) tubing (i.d.
2 mm, length 1 m) to ICP-MS. The laser operated at a wavelength of 193
nm with a pulse duration of <4 ns, using a 2-vol ablation cell (HelEx,
Photon Machines Inc., WA, USA). An ablation spot of 110 pm in diam-
eter was applied in order to assure a sufficient ICP-MS signal and ho-
mogenous sampling from the sample surface. The line scan “pulse by
pulse” was performed with ablation speed of 0.5 mm/s at the repetition
rate of 5 Hz. This implies that each shot irradiates fresh surface acting as
a single shot measurement. One line scan length was 15 mm which
means 150 shots in 30 s (27x integration time). The applied pulse energy
was adjusted so that it corresponded with the need of the experiment.
Consequently, the fluences were: 1, 3,5, 10 and 13 J/cmz. The following
isotopes were monitored during the LA-ICP-MS measurement, the dwell
time is given in parentheses is seconds for each isotope: 2*Mg (0.1), 27Al
(0.05), #°si (0.05), **Ca (0.1), *’Ti (0.05), *'V (0.05), **Cr (0.05), **Mn
(0.05), ¥7Fe (0.1), *°Ni (0.05), **Cu (0.05), *Zn (0.05), "*Ga (0.1), **Zr
(0.05), 8sn (0.05), 2°®pb (0.05), 2°’Bi (0.05) with a total integration
time of 1.1 s.

2.3. SEM and EDX

Images of the surfaces/particles were made by a scanning electron
microscope (SEM) MIRA3 (Tescan, Czech Republic). If not specified
otherwise, all samples were measured using secondary emission mode
(in-beam detector) at 15 kV, and a depth regime and working distance of
7 mm. Elemental analysis was provided by Energy-dispersive X-ray
spectroscopy (EDX), with a working distance of 15 mm, visualized with
a BSE detector and a 50 mm SDD detector (Oxford Instruments, UK).
Data were evaluated using Aztec software ver. 3.1 (Oxford Instruments,
UK).

The laser-generated particles were studied after their collection on a
polycarbonate membrane filter (25 mm in diameter and 0.2 pm pores,
Cyclopore, Whatman) using SEM described above. Ablation was per-
formed 20 min to obtain a sufficient amount of particles. To prevent
charging, the filters were covered with a carbon layer as the same as the
glass NIST samples themselves. BAM samples did not require any
plating.

Table 2
Surface roughness measured by an optical 3D microscope for samples with
different grinding set up.

Ra [nm] #80 #220 #500 #1200 #2000 polished
BAM 311 2717.3 875.7 335.0 190.0 73.0 14.0
NIST 610 2601.8 514.5 136.8 24.2 8.1 1.2

laser photometer that provides real-time mass concentration readings
for aerosols in the range of 0.1-15 pm. It allows for measurements of
size-segregated mass fractions including PM1, PM2.5, respirable, PM10
and Total PM. It utilizes a real-time 90° light-scattering signal from the
passing particles in order to separate the particles into size fractions and
to estimate their mass.

The original inlet from the DustTrak DrX was removed and the pump
was disconnected so that the DustTrak would be suitable for LA-ICP-MS
purposes. The sampling line leading from LA was directly connected into
the DustTrak DrX. The flow rate was different from the original DustTrak
flow, but since only Total PM concentration was taken into account, the
results should be within calibration limits.

2.5. Reflectance measurement

The reflectance measurements were performed by fiber optic
reflection probe (Ocean Optics, USA), Deuterium-Halogen lamp (DH-
2000, OceanOptics, USA) and Czerny-Turner spectrometer (Freedom
UV-VIS, Ibsen Photonics, DK). The set up used made it possible at a
wavelength of 266 nm in 90° arrangement. 100 values of reflectivity
were recorded for each sample from different spots. The detector
exposition time was selected at 100 ms. The probe distance from the
sample surface was set at 1 mm.

3. Results and discussion

The influence of sample surface topography on the LA process was
investigated on aluminium alloy (BAM 311) and glass standard (NIST
610). Six samples with different surface roughness were prepared from
both materials, discussed in detail in section 2.1. Although the elemental
distribution of both selected materials is globally homogenous, their
microstructure is strongly different. The glass material was prepared in
rod form and then sliced into wafers. Considerable effort was invested in
the manufacturing of the material to ensure sufficient homogeneity to
yield a <2% relative repeatability of measurement when an entire wafer
is used [29]. The elemental distribution in this alloy was verified by
EDX. From Fig. 1 we assume that the alloy exhibits a dendritic structure
that was created during the unidirectional solidification process. Due to
different melting points and solidification ratios of elements, the den-
drites are enriched with Cu, Bi and Pb. This dendritic structure is
globally homogenous, thus the spot size utilized in this work (>100 pm)
affects a sufficiently large area. The distribution of all elements in area
9500 pm? is uniform.

The LA-ICP-MS response of measured isotopes was studied for
different fluences (1, 3, 5, 10 and 13 J/cm?). Each measurement was
performed as a “spot by spot” line scan of 5 mm length and 10 repeti-
tions. The average value of counts per second (cps) for each isotope was
calculated together with the standard deviation (SD). The values were
then compared for each isotope and changing fluence. The ratio between
cps of samples with specific roughness and the cps of polished samples
enabled an estimation of the changes in signal response. Since this ratio
was greater than one in most cases, we will call it an “enhancement”.

The enhancement as a function of surface roughness is presented in
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10 pm

B ~ [

Fig. 1. The image of a polished BAM 311 surface: EDX map of elemental dis-
tribution. Cu (red) and Mg (turquoise) form dendrites. Bi and Pb (green) are
captured together in small inclusions within dendrites. Al (blue) is mainly
contained in the space between them. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

the graphs in Fig. 2. To improve readability, enhancement at fluence 5
J/em?® was chosen to also represent 3 and 10 J/cm? as the behaviour was
very similar within this range for both materials.

The trend of signal enhancement of Al alloy is similar for most ele-
ments, in Fig. 2a representing by Mg, Al, Cr, Mn, Fe, Ni and Cu and
grows with increasing surface roughness. However, the maximum value
of enhancement varies for individual elements (from 10 to 60). In gen-
eral, for this group of elements, a greater enhancement was obtained for
sample #220 (surface roughness 875.7) using lower fluence values.
Applying fluence 10 J/cm 2 and more caused mostly a suppression of the
surface topography effect. Different behaviour was observed for Pb and
Bi. For these two elements, the intensity decreased with growing surface
roughness in comparison to the polished sample. Therefore, in the case
of alloy, we could expect a different fractionation of elements depending
on the surface topography.

In the case of NIST 610 (Fig. 2b) the trend of signal enhancement is
more or less similar for all measured elements and grows with surface
roughness with the maximum enhancement varying slightly between 3
and 4. Some differences are seen for Mg and Cu, where irregular
enhancement trend occurs. The used fluences show only little impact on
the enhancement.

Since the enhancement effect is not equally strong for all analytes,
changes in the proportions of individual elements also occur with the
surface treatment. This means that the fractionation differs compare to
ablation of the polished sample surface. The fractionation of alloy was
studied from the isotope intensities representing each element. The
signal intensities were converted to 100% isotopic abundance, the sum
of these values is the sum of all elements present in the sample. The
individual converted intensities were then expressed as a percentage of
the sum. Fig. 3 shows a percentage of ICP-MS response of measured
elements in Al alloy for different surface roughness and fluences.

It was confirmed that elemental representation of the sample
composition strongly varies depending on the surface roughness.
Generally, the mass percentage of the major elements increases with
growing fluence and surface roughness. In the case of Pb and Bi, the
opposite dependence was observed. This phenomenon can be explained
by two facts. First, different physical properties of elements: Pb and Bi
represent volatile components with the lowest melting point of the
sample [30]. Second, their distribution in the matrix differs from the
other elements, Fig. 1. It was already found that in some cases, an
element can segregate from a solid matrix into a pure liquid phase when
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the temperature rises above the melting point of the element. This is the
case of Pb in Al alloy, as described previously [9]. This effect is most
pronounced at low fluences where selective melting of low melting point
elements occurs, in our case Pb and Bi. Moreover, the
micro-heterogeneity of the sample itself, forming regions with different
melting and boiling points or optical parameters, can be a source of
fractionation. This implies that, when the ablation parameters are
changed, the greatest changes in the analytical response will occur just
with the elements from the inclusions. That also explain why the frac-
tionation effect is minor for NIST sample, as it will be discussed later.

When studying NIST 610 (not all of its components were measured),
fractionation was expressed by plotting isotope/**Ca ratios [12]. Fig. 4
shows the relative change of the isotope/4*Ca ratios for sample with
various surface roughness related to the polished sample using fluence 5
J/cm?. Most analytes show a relative increase with increasing surface
roughness, 3 isotopes behave anomalous. Mg and Zn show highest
relative signal increase but not for the maximal surface roughness but
for #500 and #1200, respectively. Their different behaviour is probably
related to lower boiling points compared to other analytes (1090 °C for
Mg and 907 °C for Zn). The opposite extreme is Zr, with the highest
boiling point (4409 °C) showing a relative attenuation of intensity for all
sample roughnesses.

It is clear that the change in the analytical response for variously
treated surfaces is significant, especially for the Al alloy. Therefore, the
topic of the importance of fluence value will be discussed for this ma-
terial. When the same material with different surface treatment is ab-
lated, the most significant changes in analytical results are observed at
low fluences. To explore the ablation process, SEM images of ablation
craters were made after laser ablation of polished surfaces with fluence
of 1 J/cm?, see Fig. 5. The preferential ablation of the inclusions con-
taining Pb and Bi, and those that create local volcano features was
observed. The fact of segregation of elements with a low melting point
from the solid was confirmed. The volcano features are formed by an
ejection of molten material which is also preferentially vaporized. Pb
and Bi have a rather low ablation threshold, thus those clusters are more
likely ablated during low fluence LA. With increasing fluence, energy
starts to overcome the ablation threshold of all the elements, and the
mass percentage of elements changes, as presented in Fig. 3.

Besides the effect of fluence, a significant impact of surface rough-
ness on the enhancement and mass percentage of elements was shown.
Higher analytical ICP-MS signals of measured isotopes implicated that
more ions had been produced from the aerosol in ICP. The aerosol was
transported from the ablation cell. The reason may be a large amount of
transported aerosol or its different structure. To determine the total mass
produced by LA, a DustTrack DrX monitor was used. The aerosol mass
produced by LA of a polished sample and a sample with the roughness
#220 (highest enhancement) was measured for various fluencies (1, 3,
5,10and 13 J/cm2) for both materials. More than ten times higher mass
production was found for the Al alloy sample #220 compared to the
polished sample, NIST 610 #220 provided increased aerosol production
in the order of units (Table 3). These values are roughly in agreement
with the signal enhancement for both materials, so this confirmed the
formation of larger mass of aerosol particles for samples with higher
surface roughness. Table 3 also shows degree of relative reflectivity for
#220 BAM and NIST 610, if we estimate that polished sample has a
reflectivity of 100%. The decrease of reflectivity increases the amount of
radiation absorbed by the sample surface. The results of reflectance
measurements showed 44% resp. 60% of rel. reflectivity for sample
#220 BAM, resp. NIST 610.

Further information about the ablation process was obtained by SEM
images of aerosol and ablation craters; see Fig. 6. SEM images of Al alloy
aerosol captured on a filter confirmed that the aerosol’s structure pre-
serve, and together with crater image demonstrate that the material
melted more with growing surface roughness resulting in a formation of
a higher quantity of particles. One reason of the formation of larger mass
of aerosol particles for samples with higher surface roughness may be
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Fig. 2. The ratio between cps of samples with specific surface roughness and the cps of polished samples for selected isotopes as a function of surface roughness (A)

BAM 311 (B) NIST 610.

caused by its reduced reflectivity, Table 3.

The changes were not only in the aerosol mass but also in its
elemental composition (ICP-MS response). It is assumed that with a
surface roughness increase, the laser radiation is better coupled with the
sample surface and more energy is captured. This energy starts to
accumulate in the apexes, where the ratio of surface irradiated by laser

and mass is higher. Ablation of the apex occurs with a higher proba-

bility. With increasing surface roughness this phenomenon starts to be
dominant over the preferential ablation of elements with a low melting
point. As a result, more mass is ablated and preferential ablation is
supressed (as an example of Pb and Bi in Al alloy). It has been proved
that a lower fluence and a smoother sample surface facilitate the
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Fig. 3. The total elemental representation (expressed as a percentage of sum of
signal intensities) for BAM 311 sample with different surface roughness: 1
polished (14.0), 2 #2000 (73.0), 3 #1200 (190.0), 4 #500 (335.0), 5 #220
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is usually pre-treated applying one or more ablation preshots of low
fluence to clean the surface [31]. For this reason, the influence of pre-
shot number on the analytical signal was studied on variously treated
surfaces. Results represent Fig. 7. Five ablation preshots are shown for
Si, Al and Ca and three fluences. The effect of the surface diversity can be
visible even after the fifth shot to the same place, especially using low

Fig. 5. SEM image of the polished BAM 311 sample surface ablated by 1 J/cm2
spot by spot of 110 pm diameter.

Table 3

Ablated mass [mg/m3] during laser ablation with various fluencies (1, 3, 5, 10
and 13 J/cm2) and reflectivity of polished sample and sample #220 (with the
highest enhancement in case of alloy).

(875.7) and 6 #80 (2717.3). [J/em2] NIST 610 [mg/m®] BAM 311 [mg/m®]
Polished 220 Polished 220
preferential ablation of Pb and Bi in this sample. Therefore, their rep- 1 0.020 0.136 0.007 0.093
resentation seems higher than it really is. A higher laser energy transfer 3 0.033 0.167 0.005 0.211
achieved by using higher fluence or accumulation in surface irregular- > 045 0145 4003 0234
ities will tareniilablatisn SE e i differine B thei 10 0.053 0.147 0.005 0.275
ities TN] SUPPI‘ES.S preterentia ation of components dirfering by their 13 0.058 0.146 0.008 0.295
physical properties from the rest of the bulk. Reflectivity 100% 60% 100% 44%
Performing the surface trace analysis by laser ablation, the procedure
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Fig. 4. The change of elemental/Ca ratio of NIST 610 sample with various surface rougness related to the polished sample (=1). Presented analysis was performed

with fluence 5 J/cm2.
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Fig. 6. The SEM image of aerosol on filter from alloy (A) polished (B) #220 and
crater detail made by laser fluence 5 J/cm2 on the alloy with roughness (C)
polished (D) #220 and on the NIST (E) polished (F) #220.

fluence. For Al alloy material, the effect is more pronounced than for
glass. The degree of material melting will be crucial here, for easily
melting material, such as metal, there may be a permanent change in the
constantly remelting surface. Therefore, the same surface preparation
should always be performed for the sample and the external standard
when performing surface spot analysis or surface imaging. Particularly
in the case of untreated metal samples, such as archaeological ones, a
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different surface of the standard plays a significant role in the accuracy
of the LA-ICP-MS analysis.

4. Conclusion

This work studies the effect of sample surface treatment on the
analytical response of the LA-ICP-MS method while performing surface
analysis. “Spot by spot™ analysis of a homogeneous Al alloy sample BAM
311 and glass SRM NIST 610, both with six different surface roughness
values was applied using fluence in the range from 1 to 13 J/cm?. The
ICP-MS signal enhancement was observed for most of the analytes for
samples with higher surface roughness. A greater enhancement effect
was achieved in the case of Al alloy samples with the two highest surface
roughness (#220, #80), where the analyte signal increased more than
sixty times compared to the polished sample surface. On the other hand,
two elements (Bi and Pb) showed no signal enhancement. Glass samples
provided a maximum about five times enhancement and in general the
results were more uniform for different elements.

A more detailed study was performed on polished samples and
samples with a roughness #220 (significant enhancement for both ma-
terials). The total mass of generated aerosol by laser ablation was esti-
mated using an aerosol monitor. More than ten times higher mass
production was found for the Al alloy sample #220 compared to the
polished sample. NIST 610 #220 provided increased aerosol production
in the order of units, which roughly corresponds to the signal
enhancement of the isotopes. Thus, this experiment demonstrated that
roughening the material surface increases aerosol production and thus
the analytical response of most isotopes. One reason could be in the
different material reflectivity, which regulates the amount of radiation
absorbed by the sample surface. The results of reflectance measurements
showed 44% resp. 60% of rel. reflectivity for sample #220 BAM, resp.
NIST 610, if we estimate that polished sample has a reflectivity of 100%.
The other reason should be in variously intense energy transfer through
surface spikes and a flat surface. The different ablation crater structure
suggested a more efficient energy transfer across the apexes of the
roughened surface of the sample. More material melting occurred
causing a higher particle production. Different energy transfer is further
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Fig. 7. LA-ICP-MS intensity (CPS) from shot 1-5 for (A) BAM 311 and (B) NIST 610 (polished vs #220).
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associated with different aerosol generation mechanisms. These expla-
nations correspond to the greater enhancement effect for the metal
sample compared to glass. In the case of glass, the reflectance is not
reduced to such an extent as in the case of metal. Also, the lower thermal
conductivity of glass does not allow such an energy transfer [32], which
is also visible from the ablation craters.

The finding that the enhancement does not work for all elements
equally certainly is also related to changed fractionation process when
ablating sample with uneven surface. Thus, this has a noticeable effect
on the response of individual analytes resulting in a different ratio of
analytical signals representing the sample composition. This is more
evident on Al alloy; where it has been found that surface roughening
suppresses the preferential evaporation of the volatile components. In
this way, an increase in surface roughness can reduce the matrix effect.

Furthermore, the laser fluence value is a critical parameter for the
analytical result. First, it influences the effect of signal enhancement -
the effect is mostly suppressed by higher fluences. Second, the final
representation of individual elements in the sample varies based on the
laser fluence used. Using higher fluences reduces preferential vapor-
ization of volatile components, which was demonstrated on the Al alloy
sample. The change in the response of the measured analytes persists
even after the application of several preshots, in the case of metallic
materials where there is extreme melting of the sample, the composition
may change permanently by surface re-melting, especially for lower
fluences.

The work demonstrates that sample surface treatment may be an
important parameter to be controlled during surface elemental mapping
or single spot analysis, even if the pre-cleaning shots are used. In this
view the use of standards with similar surface roughness is strongly
suggested in any calibration strategy. Therefore we can conclude that it
may be advantageous in terms of reproducibility and accuracy to suit-
ably treat the sample surface before mapping or single spot analysis,
when quantitative or semi-quantitative analysis is required. In addition,
by roughening the sample surface, it is possible to significantly increase
the sensitivity of the method for individual analytes and to supress the
matrix effect.
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1. Introduction

The particle size distribution of dry aerosol originating from laser ablation of glass material was monitored simul-
taneously with Laser Ablation - Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) analysis and two
aerosol spectrometers - Fast Mobility Particle Sizer (FMPS) and Aerodynamic Particle Sizer (APS). The unique
combination of LA-ICP-MS and FMPS offers the possibility of measuring the particle size distribution every 1 s
of the ablation process in the size range of 5.6-560 nm. APS extends the information about particle concentration
in the size range 0.54-17 um. Online monitoring of the dry aerosol was performed for two ablation modes (spot
and line with a duration of 80 s) with a 193 nm excimer laser system, using the glass reference material NIST610
as a sample. Different sizes of laser spot for spot ablation and different scan speeds for line ablation were tested. It
was found that the FMPS device is capable of detecting changes in particle size distribution at the first pulses of
spot laser ablation and is suitable for laser ablation control simultaneously with LA-ICP-MS analysis. The studied
parameters of laser ablation have an influence on the resulting particle size distribution. The line mode of laser
ablation produces larger particles during the whole ablation process, while spot ablation produces larger particles
only at the beginning, during the ablation of the intact layer of the ablated material. Moreover, spot ablation pro-
duces more primary nano-particles (in ultrafine mode size range <100 nm) than line ablation. This effect is most
probably caused by a reduced amount of large particles released from the spot ablation crater. The larger particles
scavenge the ultrafine particles during the line ablation mode.

© 2016 Elsevier B.V. All rights reserved.

Dry aerosol can be studied by different offline or online techniques.
Offline methods include particle collection on special filters, grids or

Laser ablation (LA) sampling, together with inductively coupled
plasma mass spectrometry (ICP-MS) as a detection system, has become
a routine method for the direct analysis of various solid samples. The
product of laser ablation contains a mixture of vapour, droplets and
solid particles. All components are finally transported to a plasma by a
carrier gas as a dry aerosol including mainly agglomerates of nanoparti-
cles. In general, the characterisation of aerosols by their particle size dis-
tribution (PSD) represents an indispensable tool for fundamental
studies of the interaction of laser radiation with materials. Many
works have studied PSD of dry aerosol for different samples [1-3] and
different ablation conditions such as wavelength [1,3-5], pulse duration
[3,6-8], repetition rate [9], pulse energy [6] or carrier gas type [10] and
flow rate [9]. Another field of research is the influence of particle size on
the ICP-MS signal and elemental fractionation [11-19].

* Corresponding author.
E-mail address: mhola@sci.muni.cz (M. Hola).

http://dx.doi.org/10.1016/j.sab.2016.09.017
0584-8547/© 2016 Elsevier B.V. All rights reserved.

discs and their subsequent analysis. The sample collection can be im-
proved by enhancing the collection efficiency either by using an electro-
static sampler [7] or by separating and depositing particles on substrates
according to their size, based on their aerodynamic diameter, e.g. a cas-
cade impactor [20,21]. The offline methods enable not only the visual
determination of the particle shapes and size through various micro-
scopic methods (Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), Electron Microprobe Analysis (EMPA),
etc.) but also the study of particle composition by a subsequent chemi-
cal analysis (ICP-MS, Particle-induced X-ray Emission (PIXE), etc.) of
collected samples [2,7,20,22-24]. The stoichiometry of the ablation
can be checked by bulk analyses of all particles using a dissolution meth-
od. Furthermore, Energy Dispersive X-ray spectroscopy (EDX) allows
the acquisition of the composition of specific particles on the filter,
which is very useful for clarification of the fractionation processes [7,
23-27]. Nevertheless, the main disadvantage of the offline methods
are the lack of time resolution. All the gathered samples include the
mass collected during the whole sampling period. In other words, it
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means that the offline methods do not bring any information about par-
ticle dynamics (the evolution of particle sizes and concentration over
time). If such information is required, the use of online sampling
methods becomes necessary.

The online monitoring of the particle size distribution can be per-
formed by different types of aerosol analysers. Several different tech-
niques using different physical principles are used to detect the
airborne particle concentration (number or mass) - such as Condensa-
tion Particle Counters (CPC), photometers such as Optical Particle Sizer
(OPS) or Optical Particle Counter (OPC) or electrometers. With regard to
particle size, two main principles are used - sizing particles according to
their mobility in an electrostatic field (Differential Mobility Analyser
(DMA)) and sizing particles according to their aerodynamic behaviour
in an accelerated flow (Aerodynamic Particle Sizer (APS)). By combin-
ing the particle counters and sizers, a complex aerosol spectrometer
can be obtained. The most frequently used for laser-generated aerosol
analysis is the Scanning Mobility Particle Sizer (SMPS) system in the
submicrometre size range of particle diameters (units of nanometres
to 1 pm) [28-30] and APS systems measuring in the size range of 0.5-
20 pm. For the processes which involve quick changes in particle con-
centration, the Fast Mobility Particle Sizer (FMPS) is a very efficient so-
lution, combining principles of the sizing of particle diameters according
to their mobility in an electrostatic field along with the detection of their
concentration by a set of electrometers. Furthermore, the FMPS system
has not been used in combination with the LA-ICP-MS method before.

It is necessary to point out that different methods for PSD estimation
provide complementary data based on measuring different physical
characteristics of particles. As an example, by comparing the offline im-
pactor technique together with DMA (SMPS) and OPC, the different in-
terpretations of the agglomerated nano-particles in the laser-generated
aerosol are revealed. DMA yields physical diameters of particles (based
on their mobility in an electrostatic field), which are larger than their
volume-equivalent diameter in the case of porous particles and there-
fore, the mass of the particles cannot be determined accurately com-
pared to the mass-correct impactor measurement. On the other hand,
OPC provides particle diameter values, based on the optical equivalent
particle diameter, which is strongly dependent on the optical properties
of measured particles (scattering coefficient). If the optical properties of
measured material are different from particles used during the calibra-
tion of the optical instrument (usually polystyrene latex spheres) then
the results can significantly differ, usually strongly underestimating
the diameter of particles compared to the real sizes [21].

The particle size distribution of laser generated particles is strongly
dependent on the ablation conditions (laser parameters, atmosphere...)
[10,31-33]. This knowledge is used not only for ICP spectrometry but
also for nanoparticle formation [34-37] or pulsed laser deposition
methods because different ablation conditions such as laser wave-
length, pulse width and energy lead to different morphology, structure
and composition of the deposited film [38].

This study deals with the 193 nm ns laser ablation of certified glass
standard reference material (SRM) NIST 610. Some studies using SRM
NIST 610 as a sample and 193 nm ablation systems were already pub-
lished and all describe two the main processes used in particle forma-
tion. The first process involves condensation of nano-particles (in the
10 nm range) and their coagulation to clusters [5,7,39,40]. The second
process includes direct ejection of melted material and the subsequent
solidification to spherical particles. The SEM observation refers to spher-
ical particles with a maximum diameter of 200 nm [39]. The character-
isation of the clusters’ size as non-spherical particles depends on the
used particle determination technique and can vary by as much as one
order of magnitude [21]. Therefore findings about cluster size differ (de-
pending on the different particle size measuring techniques and differ-
ent ablation conditions) in various works. Kuhn, Gunther [40] presents
particle volume distribution up to 700 nm of particle diameter (spot size
40 pm, repetition rate of 10 Hz, fluence of 18 ] cm™2), Kroslakova, Gun-
ther [5] refers to the connection between the spot size and the particle

size distribution, 500 nm as a maximum particle size was observed for
the 30 um spot size and particles up to 1 pm occurred for 120 um spot
size (repetition rate 10 Hz, fluence of 28 ] cm~2). Guillong et al. [4]
state that no particles larger than 400 nm were observed (spot size
60 um, repetition 4 Hz, fluence of 4.2 ] cm™2).

In our study, FMPS and APS aerosol spectrometers were used togeth-
er with LA-ICP-MS. The FMPS spectrometer offers the possibility of
obtaining particle size distribution in quite a wide size range with
high time resolution (about 1 s per scan) at the same time. This work
is unique in terms of the instrumentation set-up; Laser ablation coupled
with the FMPS spectrometer allows for online monitoring of particle
physical properties during the ablation process with a high time
resolution.

Quantitative LA-ICP-MS analysis traditionally requires parallel mea-
surements of internal standard in order to account for the effects of par-
ticle properties on the response of the instrument. Thus, parallel use of
FMPS data was also investigated as a potential supplement or alterna-
tive to internal standardisation.

2. Experimental
2.1. Sample

The study of the size and concentration of particles formed during
laser ablation was carried out on the certified glass standard reference
material (SRM) NIST 610. The sample surface was polished and cleaned
with ethanol. This transparent glass is one of the most frequently used
standards in laser ablation coupled with inductively coupled plasma
mass spectrometry.

2.2. Experimental set-up

The particles produced by laser ablation of NIST 610 were analysed
by ICP-MS and aerosol spectrometers FMPS and APS giving information
about the physical properties of generated particulates.

2.2.1. LA-ICP-MS

The instrumentation consisted of an excimer laser ablation system
Analyte G2 (Photo Machines Inc., Redmond, WA, USA) and ICP-MS
with a quadrupole analyser Agilent 7500ce and a collision-reaction
cell (Agilent, Japan). The laser operates at a wavelength of 193 nm
with a pulse duration <4 ns. Using helium as a carrier gas with a flow
rate of 0.65 | min~ !, the aerosol was washed out from the chamber
(HelEx) and transported through a polyurethane tube (i.d. 4 mm) to
the aerosol spectrometers and ICP-MS. Two ablation modes - spot and
line scan - were performed. Spot ablation with different spot sizes and
line scan ablation using 85 pum spot size and different scan speeds
were compared. The experimental conditions are summarised in
Table 1 together with the important parameters of ICP-MS. Selected
isotopes were monitored with the total integration time of 1 s which
was similar to the FMPS scanning rate.

2.2.2. Fast Mobility Particle Sizer (FMPS)

The FMPS spectrometer is an aerosol instrument measuring number
size distribution in a fixed particle size range of 5.6-560 nm with a high
time resolution (down to 1 s per sample). The FMPS sizes the particles
according to their mobility in an electrostatic field and counts their
number using a set of 22 electrometers.

After passing the two unipolar diffusion chargers, the aerosol parti-
cles gain a positive charge and continue to the DMA where they are
sized according to their mobility in an electrostatic field. In this case,
the central rod of the DMA is separated into 4 sections, each having con-
stant positive voltage (0, 85, 470 and 1200 V) throughout the whole
scan. The entering aerosol particles are repelled from the central rod,
depending on their electrical mobility, and hit one of the electrometers
positioned along the outer cylinder of the DMA. The current induced by
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Table 1
Experimental parameters and conditions used for LA-ICP-MS.

Experimental parameters for LA ICP-MS

Laser ablation system Analyte G2

Wavelength/pulse duration 193 nm/<4 ns

Fluence 7.8Jcm—2

Repetition rate 10 Hz

Sampling mode Single spot, line scan

Spot size (single spot) 30, 50, 85, 110, 150 pm (circle)
Spot size (line scan) 85 pm (circle)

Line scan speed 5,10, 20, 40, 60 pm-s "

Duration of analysis 80s

1ICP-MS Agilent 7500ce

RF power 1500 W

Carrier gas 0.65 I min~' He + 0.6 1 min~"' Ar

151 min~' Ar

7Li, 23Na. 27A]. ZKSiv 42ca‘ 43Ca. 44Ca‘ str' 89Yy I37Ba,
13913' |4Dce. IE'IEU. KSZEU, I72Yb, ZOSPb' ZO?Pb' ZUBPb'
232Th‘ 238U

Outer plasma gas
Isotopes analysed

Sample

Silicate glass SRM NIST 610

the particles is then measured and, based on the calibration of the in-
strument, recalculated to provide the number of particles.

The number of particles in individual size bins (16 channels per de-
cade) is then obtained, resulting in a complete particle number size dis-
tribution. The FMPS measures the entire size distribution at once
allowing for a substantial reduction in the sampling time. The FMPS
spectrometer enables us to obtain particle number size distribution
with a fast time resolution, but on the other hand the resolution with re-
gard to particle size is limited to a total of 32 channels (fixed) and the
concentration range is limited to about four orders of magnitude, with
a lower detection limit slightly below urban background aerosol con-
centration levels.

The Engine Exhaust Particle Sizer (EEPS, Model 3090, TSI) was used
in this work and is functionally similar to the FMPS (Model 3091, TSI).
The measurement size range is spread between 5.6 and 560 nm and
the scanning rate was set to 1 s per sample.

2.2.3. Aerodynamic Particle Sizer (APS)

The APS is an optical aerosol spectrometer measuring particle num-
ber size distribution in the range 0.54-17 pum. The size of the particles in
the APS spectrometer is based on their inertial behaviour. At the inlet of
the instrument, the stream of the air containing aerosol particles is

Ar

L

0.65 | min™’'

~40 | min-t Dilution

accelerated in the nozzle. After being accelerated, the aerosol particles
pass two parallel laser beams (approximately 100 pm apart from each
other) perpendicular to the airflow and the time of the passage of aero-
sol particles between the two beams is measured. The measured time,
after the calibration of the instrument, is directly proportional to the
particle size. The APS spectrometer separates the measured particles
into 52 size channels with maximum time resolution in orders of sec-
onds. The APS spectrometer represents a useful extension of FMPS mea-
surement range allowing us to measure the number size distribution of
aerosol particles in the merged size range from units of nanometres up
to 17 um.

2.3. Sampling procedure

The experimental set-up of the measurement is described in Fig. 1.
The particles produced by laser ablation were sampled by two aerosol
spectrometers (FMPS and APS).

In order to achieve correct and representative data from the laser
ablation process, the following sampling procedure was adopted (see
Fig. 1): Two flow splitters were added into the sample transfer line be-
tween the LA and ICP-MS about 24 cm apart. In the first one, 1.65 |
min~"' of Ar was metered by a mass flow controller. From the second
one, 1.65 | min~! of diluted sample (with a dilution ratio of 3.5:1)
was extracted through an aerosol charge neutraliser (®3Kr, 370 MBq,
10 mCi) by an ejector diluter (DI-1000, Dekati) for analysis. This allowed
a sample to be taken for external instruments without substantially al-
tering the flow from LA and into ICP-MS. The ejector diluter was also
fed by 40.0 | min—! of dried and filtered compressed air, resulting in a
dilution ratio of approximately 25:1. Moreover, it allowed the use of
aerosol spectrometers without any additional changes in evaluation
procedures due to the use of gases with different physical properties
than air (for which all the instruments are calibrated). The outlet of
the ejector was equipped with a flow splitter, allowing correct isokinetic
subsampling, feeding online instruments for particle analysis (FMPS
and APS).

2.4. Scanning electron microscope

The shape and structure of the laser-generated particles were stud-
ied only on the sample with the ablation craters. Particles deposited
on the walls, bottom or surroundings of the ablation crater were inves-
tigated using a Scanning Electron Microscope (SEM) MIRA3. It is a FEG
SEM (Field Emission Gun Scanning Electron Microscope) with a high

Ar
0.60 | min™'

0.65 | min™'

ICP-MS

1.65 | min™!

Excess air

clean air
®
9.2 I min’' [:I
5.0 I min™ [ |. EEPS
3090
APS 3321

Fig. 1. Schematics of measurement set-up for laser ablation coupled with ICP Mass Spectrometer, Fast Mobility Particle Sizer (EEPS) and Aerodynamic Particle Sizer (APS).
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brightness Schottky emitter. FEG SEM microscope has an extraordinary
resolution with powerful optional In-Beam SE (Secondary Electron) De-
tector (1 nm or 2 nm at 30 kV), which is useful for observation of small
particles. The sample surface was covered with 10 nm of gold using the
accelerating voltage 30 kV prior to SEM analysis in order to increase
conductivity of the surface.

2.5. 3D measuring laser microscope

The depth and volume of the ablation craters were estimated by 3D
measuring laser microscope LEXT OLS4000 (Olympus). The Olympus
LEXT OLS4000 is a confocal microscope capable of taking high-resolu-
tion 3D images. The magnification (Optical and Digital) of this micro-
scope ranges from 108 x-17,280 x. It is capable of resolving features
10 nm in size in the z direction (sample height) and 120 nm in the x-y
plane. The system is capable of performing a variety of metrology mea-
surements. Step height, surface/line roughness, and area/volume
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measurements are some of the more commonly used metrology
measurements.

3. Results and discussion
3.1. Temporal behaviour of particle size during spot and line scan ablation

The particle size distribution (PSD) was monitored using the FMPS
simultaneously with ICP-MS signal for the spot and line ablation, using
the parameters described in the experimental section. The FMPS device
was permanently connected to measure the signal (the plasma was on
continuously during the experiment).

The FMPS records particle size distribution for each second of the en-
tire ablation process using 32 size channels. To show some specific dy-
namic features of spot and line ablation and to demonstrate the high
scan time of the FMPS device, maps representing the change in PSD
over time were created for spot and line scan ablation (Figs. 2, 3). The
increase of the signal at the beginning and the decrease at the end of
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Fig. 2. Particle size distribution graphs (average of 80 s spot ablation) for different spot sizes (2a), the error bars indicate standard deviation of 5 measurements; distribution maps for
temporal behaviour of particle number concentration in individual size channels for spot size of 30 um (2b), 50 pm (2c), 85 pum (2d), 110 um (2e), 150 um (2f). The particle
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ablation were excluded from the maps. We decided not to average the
repeated measurements in order to preserve the dynamic changes dur-
ing ablation, which might be different for each measurement. For that
reason, only one record for each mode (from the five repetitions of
spot and line ablation) is shown below (Figs. 2, 3).

In general, the spot nanosecond laser ablation is characterised by a
non-stable temporal response of analytical signals (ICP, laser induced
breakdown spectrometry, etc.), attributed to the changes in particle
production due to the increasing depth of the ablation crater [41].
Even if the width and depth of the ablation crater is kept at an appropri-
ate ratio, we have to expect a fractionation effect during the sample dril-
ling [42].

The particle size distribution maps (time on x-axis, size of particles
(D) on y-axis and the concentrations represented by different dark-
ness) are depicted for spot (Fig. 2) and line (Fig. 3) scan of laser ablation.
Fig. 2a shows average size distributions for different spot sizes (30, 50,
85, 110 and 150 pm). All the size distributions are bimodal with the
first mode in nucleation size range (10-22 nm) and the second mode
in fine size range (190 nm). The smaller particles represent the primary
particles produced by laser ablation, the larger particles are most prob-
ably a product of coagulation/agglomeration of primary nanoparticles
or particles originated from the droplets’ solidification. The nucleation
mode is moving towards larger particle sizes with increasing spot size,
which is given by an increased amount of evaporated material. The con-
centration in the whole size distribution increases as well with increas-
ing spot size, again corresponding to more material being dispersed. In
Figs. 2b-2f we can observe temporal changes in the PSD for the spot ab-
lation mode with different spot sizes. Increased production of particles
(Dm ~ 190 nm) was observed during single hole drilling within the
first 10 s of laser ablation. The production of primary nanoparticles
starts approximately 20 s after the start of ablation, which corresponds
to a deeper crater. Furthermore, the number concentration of particles
with D, < 50 nm rises with increasing crater depth. Such behaviour at
the beginning of the surface layer ablation confirms the theory of nano-
particles being scavenged by larger particles of the standard material.
When the crater becomes deeper, the production of larger particles is
diminished and the relative concentration of smaller nanoparticles
thus increases. Generally, the spot ablation is dynamically changing dur-
ing the ablation process.

Fig. 3 displays size distributions for different line scan speeds (0, 5,
10, 20, 40 and 60 um s~ ') and particle size distribution evolution in
time (map) for the scan speed of 40 um s~ ' as an example. Fig. 3a
shows averaged size distributions for different scan speeds. All the size
distributions are bimodal similar to spot scans. The main difference
from spot ablation is diminishing of the nanoparticle mode with in-
creasing line scan speed. This effect is connected with increasing ratio
of fresh surface being ablated with faster speed producing primarily

larger particles scavenging the nanoparticles. The maximum of the
mode for agglomerated particles is fixed for all speeds at 190 nm as in
the case of spot ablation. Fig. 3b proves that the ablation process is
steadier for the line scan mode compared to spot scan mode. The scan
ablation is stabilized after initial 10 s (see Fig. 3b for the scan speed of
40ums ).

3.2. Particles with diameter >540 nm

3.2.1. APS particle size distribution

APS was used to extend the measurement range of FMPS in order to
confirm or reject the hypothesis of supermicrometre particle produc-
tion during laser ablation. Fig. 4 displays comparison of average size dis-
tributions from spot (85 um in diameter) and line scan (scan speed of
40 um s~ ') ablation processes. It has to be pointed out that the agglom-
erate nature of larger particles, having higher porosity and thus much
lower effective density, results in higher acceleration of these particles
inside APS than standard compact spherical particles. This effect causes
a shift of measured sizes towards smaller particles resulting in a shift of
sampled particles out of the APS measurement range, which inflicts also
much lower concentrations of the large particles compared to the corre-
sponding end of FMPS particle size distribution being even two orders of
magnitude higher. Nevertheless, even the measurement burdened by
such an artefact in the measurement principle shows that the line

1.2+

1.0 E k

0.8+ T

I spot
[Tline

0.6
0.4

0.2 4
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1 2
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Fig. 4. Particle size distribution by Aerodynamic Particle Sizer for spot ablation mode
(85 um) and line scan (40 pm s~'); the error bars indicate standard deviation of 5
measurements.
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scan produces almost 10 x higher concentration of particles =540 nm
with visible shift towards larger particles.

3.2.2. Crater volume and LA-ICP-MS signal

The presence of particles larger than 0.5 um in diameter during laser
ablation of NIST610 is also discussed in the following chapters. The tem-
poral changes of LA-ICP-MS signal indicate that large particles
(>0.5 pm) form mostly at the beginning of spot ablation (first 20 s),
while they are produced constantly during line ablation (see Section
3.3, Fig. 5). The volumes of ablation craters estimated by 3D measuring
laser microscope indicate 2 x more material volume released during line
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Fig. 5. Temporal behaviour of total particle concentration by FMPS, total particle volume
by FMPS and LA-ICP-MS signal for 27Al; a spot ablation, b stable line scan, ¢ non-stable
line scan.

ablation (crater of 1100 000 =+ 28,000 um® with the depth of 9 um for
40 um s~ ') than in the case of ablation into one spot (510,000 =+
11,000 pm? with the depth of 87 um). Because the FMPS results do not
support this finding (approximately the same particle volume for spot
and line) we can expect a higher production of particles >0.5 um for
line scan which was confirmed by APS measurements.

Generally, the LA-ICP-MS response gave 1.8 x higher signal intensity
of selected isotopes for the line ablation mode compared to single hole
ablation (see Fig. 5). Several experiments confirmed the presence of
particles with diameter >560 nm (out of FMPS range), which contribute
to the LA-ICP-MS signal, although they are probably not completely
vapourized and ionized in the ICP plasma [14,17]. The imperfect
vapourization could be the reason for the reduced LA-ICP-MS signal
for the line scan when comparing line/spot ratios of crater volumes
(2:1) to signal ratios (1.8:1), if we expect increased contribution of
large particles for the line scan mode. This is in good agreement with
the theory published previously, which reported that during the contact
of a laser beam with an intact sample surface (e.g. the first pulses of spot
ablation), the size of the particles is larger than during ablation of a sur-
face already transformed by a laser beam interaction [17]. In the case of
line ablation, each pulse hits the ablated area together with the intact
area and the ratio of the areas depends on the velocity of the line scan.

3.3. LA-ICP-MS signal vs particle formation

The capability of any particle spectrometer to detect online temporal
changes in particle formation (particle concentration, volume or mass)
could be applied instead of the internal standardisation for LA-ICP-MS
quantitative analysis. Even if the FMPS does not cover the whole particle
size range the correlation between the LA-ICP-MS signal and the total
particle concentration (sum of particle concentrations in all size bins)
was tested. Because the LA-ICP-MS response should correspond to the
volume of material entering the plasma we decided to work with a
rough estimate of the total particle volume (calculated as spherical par-
ticle shape) from FMPS as well.

The results are represented by three examples in Fig. 5. The first -
spot ablation (diameter of 85 um, Fig. 5a) shows that the particle num-
ber concentration copies the ICP-MS signal (represented by 2’Al) only at
the end of ablation (55-80 s) when the production of large particles is
reduced and the concentration of nanoparticles and clusters is almost
stable (see PSD in Fig. 2d). Using the particle volumetric concentration
led to an obvious improvement in correlation with LA-ICP-MS depen-
dence during the whole ablation analysis. A detailed study of Fig. 5a
points out that the LA-ICP-MS signal exceeded the particle volume dur-
ing the first 20 s of spot ablation. This can be explained by volume re-
leased from particles with D, larger than 560 nm that are also present
in the sample, especially at the start of a single hole drilling and that
also partially contributes to the LA-ICP-MS signal [17].

Fig. 5b demonstrates uniform laser ablation stabilized in ICP-MS sig-
nal and in particle formation using line mode (40 um s~ '; temporal PSD
is shown in Fig. 3b). In this case the particle number concentration tem-
poral record is closely following the fluctuations during LA-ICP-MS anal-
ysis (after the initial 10 s when the particle formation is stabilized as it
was presented by the distribution map in Fig. 3b). This behaviour agrees
well with the previously discussed constant formation of larger parti-
cles, keeping the ration between the large and nanoparticles constant
during the whole line scan. And thus also the volumetric concentration
does not exhibit any significant deviation from the ICP-MS signal pat-
tern. Even if a stable LA-ICP-MS signal is expected, signal fluctuation
can occur during analysis as in the case of line ablation in Fig. 5c. We
simulated nonstable ablation signal by strangling the transport tube at
the beginning of ablation which caused a reduction of the LA-ICP-MS
signal. After 30 s the tubing was unfastened and the signal started to in-
crease. The volumetric concentration is able to copy the ?’Al signal
changes whereas the total particle concentration is almost stable
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throughout the scan pointing to the variable large/nano particle ratio
during this particular scan.

In this study only a rough particle volume estimation was employed.
In the case of porous particle aggregates produced from laser ablation,
the estimation of precise particle volume is highly complicated for sev-
eral reasons. First, FMPS covers only particles up to the size of 560 nmin
diameter and second, the FMPS measurement principle use neither cor-
rection to non-spherical shape of particles nor correction for particle ag-
gregates. Nevertheless, we can see the potential in using the volumetric
particle concentration as control of signal fluctuations during LA-ICP-
MS analysis based on the obtained results.

34. Structure of the particles

The knowledge of the particle shape and structure should be an es-
sential part of an aerosol study improving the information about parti-
cle formation. Traditionally, particles are collected on a filter for
subsequent analysis. Using this method raises a question regarding
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the origin of the clusters on the filter, where they usually form “fibres”.
In previous works it has been proved that although the particles
agglomerate already in the ablation cell [39] the “fibre” clusters form
on the filter due to the high particle concentration in specific filter
areas [23].

To avoid another supplemental discussion about the cluster origin
the particles were observed by SEM directly on the sample - as depos-
ited particles on the ablation craters or surrounding the ablation craters.
Two different particle generation mechanisms were expected - conden-
sation of nanoparticles from the vapour and direct ejection of droplets
[39]. Fig. 6 shows SEM observations. Laser ablation crater after spot
laser ablation (Fig. 6a; spot diameter of 85 um) proved the presence of
condensed nanoparticles creating agglomerates (Fig. 6b) as well as
mostly spherical particles created from droplet solidification. The later
mentioned particles mostly did not exceed the diameter of 100 nm.
The size of the clusters formed due to coagulation of vapour-condensed
particles is not evident but we can suppose it from the particle size dis-
tribution graphs (Fig.2). The initial vapour-condensed particles (about

WO 499 s
Oet: InBeam
Datemidly) 020416

Fig. 6. SEM image of laser-generated particles deposited in the ablation craters or their near proximity. A) spot laser ablation crater, B) detail of spherical particles caught on spot crater
wall, C) detail of spot crater surroundings, D) part of line ablation crater, E) detail of particle cluster surrounding line crater, F) detail of particle cluster from the line crater bottom.
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20 nm of diameter as shown) coagulate to clusters with the diameter
mostly about 200 nm (as shown in Fig. 2).

Observing line ablation craters (Fig. 6d; scan speed 20 ums~ ') some
differences were found compared to spot ablation. No spherical parti-
cles originating from the droplets were found. A possible explanation
could be due to the reduction of thermal effect during line scan ablation.
On the other hand, clusters with obviously larger diameters were ob-
served at the bottom of the ablation crater, the same as the ones sur-
rounding the crater. The size of the “large clusters” mostly exceeds the
upper limit of FMPS (560 nm) and so we can assume their PSD was ob-
tained by APS with the distribution maximum around 650 nm (Fig. 4).
APS determined a concentration 10x higher of “large clusters” for the
line scan than for spot mode. Therefore, a link between intact sample
surface-laser interaction and “large cluster” formation is presumed.

The SEM together with APS results can lead to the finding that an in-
creased amount of clusters =500 nm is produced using the line ablation
mode. The structure of the clusters is irregular, probably composed of
vapour-condensed primary nanoparticles. The cluster size leads to in-
complete vapourization and ionization in ICP and so only to partial con-
tribution to the ICP-MS signal. [13,14].

4. Conclusions

In this study, a novel approach of using a fast-response particle size
classifier has been examined. The suitability of high time resolution
FMPS for online size characterisation of dry aerosol was tested during
LA-ICP-MS analysis of SRM NIST 610. Single spot and line scan ablation
was performed using different spot sizes for spot ablation and different
scan speeds for line ablation. This enabled the determination of the ca-
pability of aerosol spectrometers to monitor changes in particle size dis-
tribution caused by different ablation modes.

At first, the modal structure of particle number size distribution was
studied for each ablation mode in the FMPS measurement range (5.6—
560 nm). All size distributions are bimodal with the first mode in nucle-
ation size range (10-22 nm) and the second mode in fine size range
(190 nm). The smaller particles represent the primary particles pro-
duced by laser ablation, the larger particles are most probably a product
of coagulation/agglomeration of primary nanoparticles or droplet solid-
ification particles. Using spot ablation, the nucleation mode moves to-
wards larger particle sizes with increasing spot size, which is given by
an increased amount of evaporated material. In the case of line scan,
the main difference from spot ablation is diminishing of the nanoparti-
cle mode with increasing line scan speed. This effect is probably con-
nected with increasing the ratio of fresh surface being ablated with
faster scan speeds producing primarily larger particles consequently
scavenging the nanoparticles.

Temporal changes of PSD with the time resolution of 1 s were exam-
ined. Increased production of particles (D, ~ 190 nm) were observed
during single hole drilling within the first 10 s of laser ablation. The pro-
duction of primary nanoparticles starts approximately 20 s after the
start of the ablation process, which corresponds to a deeper crater. Tem-
poral behaviour of laser ablation proves that the ablation process is
steadier for the line scan mode compared to the spot scan mode.

The structure of the particles was studied by SEM. For spot ablation,
agglomerates with irregular shape were observed together with mostly
spherical particles with a maximum diameter of 100 nm originating
from droplet solidification. In the case of line ablation, the solidified
droplets were missing but large clusters mostly exceeding the upper
limit of FMPS (560 nm) were observed. The size of the large clusters
were estimated by APS. The APS PSD proved the presence of
supermicrometre particles up to 2 um with 10x higher concentration
for line ablation mode compared to spot ablation mode.

LA-ICP-MS signals of selected isotopes gave approximately 1.8 x
higher response for the line mode than for the spot ablation. Confocal
microscopy showed 2 x higher volume for line ablation craters. The re-
duced LA-ICP-MS signal for the line scan can be caused by incomplete

evaporation and ionization of larger particles (present in higher concen-
trations during ablation of intact surface) in the plasma source. All find-
ings point to much higher particle production using line scan ablation.
From the particle size distribution measurements we can claim that
nearly half of the released material volume (for the line scan) is created
by clusters with a diameter of 0.5-2 pm.

This detailed study of online monitoring of particles produced by
laser ablation simultaneously with the ICP-MS signal shows the varia-
tions in particle concentration and analytical signal during different ab-
lation modes with various laser conditions. FMPS results give a promise
for the future use of an aerosol spectrometer to compensate the signal
fluctuations instead of the internal standard. Although much work is
needed to ensure proper understanding of the signals and calibration
for the respective instruments, this work suggests that the particle
size distribution is not constant, neither throughout the laser ablation
process nor with respect to the geometric pattern of the ablation pro-
cess and that online monitoring of particle size distribution may be
valuable as complementary information aiding the interpretation and
derivation of quantitative data from the LA-ICP-MS signal.
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ABSTRACT

The dynamics of aerosol particles formed during nanosecond laser ablation of glass and steel samples was studied in the Laser Ablation - Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS) system. In order to follow the evolution of particle size distribution with high time resolution during the laser ablation process, two
fast response aerosol spectrometers were used. Engine Exhaust Particle Sizer (EEPS) together with Optical Particle Sizer (OPS) provided Particle Size Distribution
(PSD) in the range 5.6 nm — 10 um with the integration time of 1s. To obtain additional information about the PSD of larger particles (0.5-10 ym) in more detail, an
Aerodynamic Particle Sizer (APS) recorded average PSD of each ablation (80s). To investigate the effect of the sample matrix on aerosol dynamics and composition,
glass NIST 610 and steel F4 samples were studied. Spot and line ablation mode was applied to compare the behavior of both ablation modes in time. The degree of
thermal effect and fractionation was studied from the structure and size of ablation craters, the structure of particles and the LA-ICP-MS signal. The ablation process
was influenced mostly by the material itself even if the ablation mode also plays an important role on the formation of aerosol. A significant correlation of ICP-MS

signal with a concentration of particles > 300 nm was observed.

1. Introduction

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) is a method widely used in analytical chemistry for the direct
elemental analysis of solid samples. In this connection, laser ablation
means the process of removing material from the sample surface under
the action of laser light. The released material is then transported to ICP
where it is vaporized and ionized. Finally, a mass spectrometer is used
to separate and quantify those ions. Laser ablation should ensure re-
presentative sampling to ICP, so the course of laser ablation is critical
for the usability of the analytical method.

The laser beam-sample interaction is a complex process depending
on both the laser ablation conditions (pulse duration, wavelength, re-
petition rate, pulse energy, spot size) and the samples physical and
chemical properties [1-6]. Generally, the process of laser ablation can
interact with the material in two basic ways - thermal (photothermal)
and non-thermal (photochemical) [7-10]. For longer laser pulses (na-
nosecond ablation) heat conduction, melting, evaporation and plasma
formation are the dominant processes. The energy of the laser pulse is
absorbed by the sample surface and form a temperature field due the
heat conduction. Depending on the achieved temperature the material

is molten up, evaporates or is transferred to a plasma state. The para-
meters of the laser ablation especially pulse duration, and pulse energy
influence the proportionality of evaporation and melt sputtering as
main processes for nanosecond laser ablation [11]. The physical and
chemical properties of the sample can significantly influence the laser
energy absorption (absorption coefficient for the specific wavelength)
the heat transfer (thermal conductivity) [12] and degree of plasma
shielding (attenuation of the incoming laser radiation by plasma). On
the other hand the sample heating by the laser irradiation modifies the
optical and thermo-physical properties significantly, such as surface
reflectivity, electrical and thermal conductivity, surface tension, latent
heat of vaporization [13].

Longer laser pulses in particular (nanoseconds, picoseconds) raise
the ratio of thermal effects causing non-stoichiometric ablation (pre-
ferential vaporization of volatile components) [14-19]. The heat
transfer during longer pulses causes material melting. The mechanical
liquid-plasma interaction is a source of large particles present in the
aerosol due to the hydrodynamic sputtering. The extent of the hydro-
dynamic sputtering is dependent on the melt thickness creating the
upper layer of the ablation crater surface. Generally, higher heat dif-
fusion and lower fluences increase the melt thickness and thus the
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solidification time which increases fractionated evaporation and hy-
drodynamic sputtering. Very different thermal diffusivity of samples
such as metal and glass can result in a layer about one order thicker for
metal using fluences < 10J cm™2 [20]. The generated droplet amount
and size is dependent on the melt layer thickness and models of the
hydrodynamic sputtering were created for different ablation conditions
[21].

The other part of the aerosol is formed by gas-to-particle formation
process, for smaller size fractions. Several works have tried to explain
the process of nanoparticle formation in the laser induced plume during
the cooling stage based on visualization techniques performed directly
in the ablation cell (e.g. the scattering images of the laser plume) [22]
or based on theoretical modeling [23-26]. Other works are interested in
the nanoparticles as a “product” of the sampling process and use an
aerosol analyser to characterize their size in the gas flow [27]. All
studies confirm that nanoparticles produced by nucleation of the vapor
are smaller than 100nm (depending on the laser and sample para-
meters) before cluster agglomeration starts [28]. The detailed ob-
servation of nanoparticle formation is difficult thanks to the fact that
the nanoparticles create clusters with irregular shapes and undefined
density. These cluster properties make it impossible to accurately de-
termine their size using aerosol spectrometers that usually work with a
model for spherical particles with uniform density and optical proper-
ties. This can lead to significantly different results of the cluster’s size
(as much as one order of magnitude) if a different determination
technique is used [29]. The visualization of nanoparticles and the
clusters is also problematic. Because the commonly used methods such
as Scanning Electron Microscopy (SEM) or Transmission Electron Mi-
croscopy (TEM) work with “static” samples it is necessary to fix the
particles from the gas flow to the proper substrate. This causes addi-
tional formation of larger clusters and to differentiate them from the
original is almost impossible [19, 27]. However, comparison of the
images of the particles formed under different conditions can be very
helpful [30, 31].

Generally, the estimation of the proportion of thermal effects during
laser/sample interaction is simply achieved from the study of ablation
craters or a detailed study of ICP-MS signal for each isotope [32-34].
More detailed research determines the particle size distribution of the
laser generated aerosol [1, 35-37]. The properties of aerosol produced
by laser ablation can be monitored on-line simultaneously with LA-ICP-
MS analysis using aerosol spectrometers [38]. The choice of aerosol
spectrometer is usually dependent on the measured size range of the
particles, but the detection principle of aerosol spectrometer must also
be considered to avoid a wrong interpretation of the results, especially
for non-spherical clusters [29].

Different techniques for the analysis of physical properties of
aerosol particles produced during the laser ablation process are com-
mercially available. These include electrostatic classifiers combined
with particle detectors (such as condensation particle counters or
electrometers), various photometric devices and cascade impactors for
offline analysis. All the instruments offer some advantages in their
measurement principles, but most of them are also burdened with some
limitation.

For example, the Scanning Mobility Particle Sizer (SMPS) offers
excellent resolution in regards to particle sizing, but it is limited in time
resolution [39, 40]. Fast Mobility Particle Sizers (FMPS or EEPS) have
great time resolution, but fewer particle size bins and rely on calibra-
tion due to initial unipolar electrical charging of the particles in the
sample [41]. Photometric devices are simple instruments, easy to use,
but their measurement is strongly dependent on the optical properties
(scattering coefficient, surface morphology) of the sampled aerosol
[42]. The cascade impactors [43, 44] can be taken as a standard method
(gravimetric analysis), but they give limited size resolution and offer
only integral values in time (offline analysis). Generally, when using
any of the aerosol instruments, we have to be aware of the measure-
ment method used and take its advantages and limitations into account
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when interpreting the measured data.

In this study, two fast response aerosol spectrometers were used
(EEPS and OPS) in order to follow the fast process of particle formation
and the consecutive processes changing the particle size and mor-
phology (e.g. coagulation and agglomeration).

This study follows the previous research on NIST 610 [38]. Beside
the laser ablation conditions such as fluence, spot size or ablation mode,
the sample properties are another important parameter that influences
the particle formation. The measurement of highly time resolved PSD of
aerosol particles produced by laser ablation of two standard materials
with different composition and physical properties can reveal the dif-
ferences in particle formation, coagulation and agglomeration. The
influence of the ablation mode on particle formation and fractionation
is shown on spot and line scan ablation mode.

2. Experimental
2.1. Studied materials

Experiments were performed on two samples for which a different
course of laser ablation was expected. NIST 610 as a certified reference
glass represents non-conductive material with low thermal conductivity
(0.7Wm~'K™! at 25°C) and a density of 2.5gcm >, F4 is a chrome
nickel steel, representing conductive material with thermal con-
ductivity of 20Wm ™ 'K ™' at 25°C and a density of 7.5gcm™>. The
chemical composition of F4 together with the boiling and melting
points of each element is given in Table 1. The surfaces of both samples
were polished and cleaned with ethanol prior to the analysis.

2.2. Experimental set-up

A combination of conventional analytical method of laser ablation
coupled with ICP-MS and a set of aerosol spectrometers (Table 2) was
utilized within this study. A detailed description of the methods and
instruments is listed in the following paragraphs. The analysis of par-
ticle size distribution and time evolution was performed using three
different aerosol instruments. The Engine Exhaust Particle Sizer enables
highly time resolved measurements of particles below 500 nm. The
Aerodynamic Particle Sizer allows for detailed size distribution (parti-
cles > 500 nm) and its measurement principle is independent of the
materials properties but it has limited time resolution (one averaged
size distribution per laser ablation). On the other hand the Optical
Particle Sizer (particles > 300 nm) has high time resolution (1 s scans),
but it has only 16 size bins and is strongly dependent on the optical
properties of sampled particles (scattering coefficient and morphology).

2.2.1. LA-ICP-MS

The LA-ICP-MS system utilized within this study consists of an
Analyte G2 LA system (Photon Machines Inc., Redmond, WA, USA) and
an Agilent 7500ce ICP-MS analyser (Agilent Technologies, Japan). The
LA system operates at a wavelength of 193 nm with a pulse duration of
4 ns using helium as a carrier gas with a 2-volume ablation cell (HelEx).
The ablation parameters can be changed in the following ranges: spot

Table 1
Chemical composition of steel sample F4 and the melting and boiling points of
each element.

Chemical composition of steel sample F4

Element Fe Si Mn Ni Cr Mo w Cu

wt% 61.6 0.19 0.46 7.4 255 35 0.63 0.58

Melting point 1538 1414 1246 1455 1907 2623 3422 1085
‘C

Boiling point 2861 2900 2061 2913 2671 4639 5555 2567
b of
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Table 2
Parameters of aerosol spectrometers used in the study.

Aerosol spectrometers used in the study

EEPS oPs APS

Size range 5.6-560 nm 0.3-10 um 0.5-20 pm

Size luti 16 ch. 1 16 ch 1 32 ch Is/decade
decade (user (52 total)
(32 total) adjustable)

Equivalent electrical optical aerodynamic

diameter mobility
Time resolution 1s 10s 80 s (one ablation)

Table 3
Experimental parameters and conditions used for LA-ICP-MS.

Experimental parameters for LA ICP-MS

Laser ablation system Analyte G2

Wavelength/pulse 193nm/4 ns
duration

Fluence 8Jem™2

Repetition rate 10Hz

Sampling mode
Spot size

Single spot, line scan
110 pm (circle)

Line scan speed 20 pum.s

Duration of analysis 80s

ICP-MS Agilent 7500ce

RF power 1500 W

Carrier gas 0.651min~" He + 0.6 1min~" Ar
Outer plasma gas 151min~" Ar

Isotopes analysed

SRM NIST 610 7Li, 2Na, 2°Mg, ?’Al, 2*si, **Ca, 53Cr, **Mn, *°Fe,
“Sr, S‘)Y, 922"’13913’ uace) lSSEu, 2ospb, 732'rh, 238U
Steel F4 53Cr, 55Mn, 5Fe, 5’Fe, ®°Ni, ®*Cu, “*Mo, '*?W

* Integration time for each group of isotopes was 1s.

size 1-400 pm, repetition rate 1-500 Hz, fluence up to 30 J cm ™2 The
ICP-MS system is a quadrupole analyser with collision-reaction cell. The
aerosol is transported from the ablation cell to ICP-MS by polyurethane
tubing (i. d. 4mm) using He as a carrier gas (0.651min~"). For the
purposes of this study, two ablation modes (spot and line ablation) were
chosen for comparison of different ablation conditions. The detailed
description of the experimental conditions used for the experiments in
this study is summarised in Table 3.

2.2.2. Engine exhaust particle sizer (EEPS)

The Engine Exhaust Particle Sizer (EEPS 3090, TSI) represents a
version of the Fast Mobility Particle Sizer (FMPS) with a fast sampling
rate and additional analog outputs. EEPS is an aerosol spectrometer
allowing the measurement of number size distribution in a fixed par-
ticle size range of 5.6-560 nm with a high time resolution (down to 1s
per sample). The EEPS separates the particles according to their mo-
bility in an electrostatic field and their number is subsequently counted
using a set of electrometers. The aerosol sample is drawn into the in-
strument, where first the aerosol is electrically charged. A set of two
unipolar diffusion chargers is used in the EEPS. The first, negative
charger, puts negative net charge on the aerosol particles to reduce the
number of highly positive charged particles and to prevent over-
charging in the second charger. The second, positive charger, puts a
predictable net positive charge on aerosol particles. The charged par-
ticles then continue to the measurement (sizing) column. The mea-
surement column consists of a central rod with 4 electrically separated
sections (having also different column diameters), where different
constant positive voltages are applied and an outer cylinder which ac-
commodates a set of 22 electrometers along the column height. The
charged aerosol enters the measurement column in the axis and it is
uniformly distributed around the central rod. The outer cylinder is
protected by particle free air — the sheath flow. The two flows (the

195

Spectrochimica Acta Part B 148 (2018) 193-204

aerosol and the sheath flow) are merged to form laminar co-current
flow. Positive voltages (4 sections) are applied to the central rod and as
the particles flow next to it, the electrostatic field repels particles with
the same charge polarity. When the particles travelling through the
sheath flow due to electrical force hit one of the electrometers, the
elemental charge carried by the particle is measured by this electro-
meter. The position of electrometers corresponds to particle having
certain mobility in the electrostatic field, which is proportional to ap-
plied voltage, particle mobility diameter, geometric arrangement of the
measurement column and the sheath flow. In this way the whole size
distribution is measured simultaneously (using the signals from all 22
electrometers). The number of particles in individual size bins (16
channels/decade) is then obtained resulting in a whole particle number
size distribution. Compared to SMPS spectrometers used more tradi-
tionally, the EEPS measures the whole size distribution at once allowing
for substantially reduced sampling times. The EEPS spectrometer en-
ables one to obtain particle number size distribution with high time
resolution (1s), but on the other hand the resolution in regards to
particle size is limited to a total of 32 channels (fixed) and the mea-
surement range is limited to about four orders of magnitude, with a
detection limit slightly below urban background aerosol concentration
levels. Other limitation of EEPS lies in the measurement principle —
namely the use of unipolar charging and electrometers to measure
number of particles. Multiply charged particles can be counted as many
particles corresponding to number of charges on these particles (mul-
tiple charging is handled in instrument's kernel matrix based on cali-
bration of the instrument).

2.2.3. Aerodynamic particle sizer (APS)

The Aerodynamic Particle Sizer (APS 3321, TSI) is an aerosol
spectrometer measuring particle number size distribution in the aero-
dynamic size range 0.5-20 pm. The size of the particles in the APS
spectrometer is determined from their inertial behaviour. The APS
measures the time-of-flight of aerosol particles (velocity of particles) in
an accelerating flow through a nozzle. The entering aerosol sample is
split into two flows — aerosol and sheath flow. The sheath flow is fil-
tered and serves for accelerating the aerosol flow which is confined to
the center in the nozzle. Once the particles are accelerated (approxi-
mately 150 ms ™) they pass through two broadly focused laser beams
and scattered light from each laser beam is detected. The electronic
timing between the peaks of the two pulses allows the calculation of the
velocity of each individual particle. The velocity of the particles is then
proportional to their aerodynamic diameter. The APS spectrometer
separates the measured particles into 52 size channels with maximum
time resolution in orders of seconds. APS spectrometer represents a
useful extension of the EEPS measurement range allowing one to
measure number size distribution of aerosol particles in the merged size
range from units of nanometers up to 20 pm. The time resolution of APS
spectrometer was 80 s. The time resolution can be set higher up to 1s,
but in this case the statistics for individual channels might be poor. The
other limitation of APS is in the density of particles. If the density is
outside the range of 0.9-1.1gem ™2 (outside the Stokes regime), the
particles can be incorrectly sized. The instrument uses correction for
different densities, but if the density inserted does not correspond to the
density of the particles the results may deviate slightly. This is the case
for particles with complex shapes, agglomerates, porous particles,
where it would be more applicable to use equivalent density. But this
quantity is in most of the cases very difficult to estimate.

2.2.4. Optical particle sizer (OPS)

The Optical Particle Sizer (OPS 3330, TSI) is an optical photometer
measuring particle number size distribution in the range 0.3-10 pym
separating particles into 16 size channels. Determination of the size of
the particles in the OPS spectrometer is based on the intensity of light
being scattered by the particles. The OPS has an advantage in high time
resolution and independence on carrier gas type, but at the same time is
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burdened with uncertainty in particle size when the optical properties
of measured aerosol differ from the calibration particles. The time re-
solution was set to 1 s. The limitation of OPS is in the optical properties
of the particles being sampled (shape and index of refraction). For
known samples, the index of refraction can be entered and the instru-
ment should be working properly. But for unknown samples having
complex composition of aerosol particles, the difference from refractive
index of calibration particles (standard polystyrene latex spheres) can
cause deviations in sizing of particles.

2.2.5. Nanometer aerosol sampler (NAS)

Nanometer Aerosol Sampler (NAS 3089, TSI) consists of a grounded
cylindrical sampling chamber with an electrode at the bottom of the
chamber. The NAS uses the electrode to attract particles of opposite
polarity (positively charged). The sampling grid is attached on the
electrode to collect the particles for further analysis. The instrument
samples particles using electrostatic field with efficiency > 10% for
particles < 150 nm (having the sample flow at 1 1min~"). The smaller
particles are sampled with higher efficiency, while for the larger par-
ticles the sampling efficiency goes down. The NAS was connected di-
rectly to LA via aerosol neutralizer (Kr®%, 10 mCi). In this case the
aerosol neutralizer was used in order to charge the particles to be col-
lected on the TEM grid.

2.3. Sampling procedure

The laser ablation system was connected to an ICP-MS instrument
and to three aerosol spectrometers (EEPS, APS, OPS). The flow of car-
rier gas with particles created by laser ablation was split into two
branches — one leading to the ICP-MS and the other to aerosol spec-
trometers. In order to preserve the proper flow rate of the carrier gas
with particles into the ICP-MS, an additional flow of Ar (1.651min~")
was added before the split into the measurement devices (see Fig. 1).
The flow leading to the aerosol spectrometers was first led through a
bipolar aerosol neutralizer (Kr®, 10 mCi) in order to prevent excessive
losses of particles due to electrostatic deposition and to ensure correct
charge distribution for the aerosol spectrometers. After neutralization
the aerosol was diluted using ejector diluter to lower the high aerosol
concentration and to maintain sufficient flow into the aerosol

Ar

He 1.65 | min
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spectrometers. The ejector diluter ensures proper dilution with minimal
losses of the particles and homogenization of the sample. The diluted
aerosol was than split using isokinetic flow splitters in order to assure
representative aerosol sampling to all aerosol spectrometers.

2.4. Scanning electron microscope (SEM) and laser microscope

The structure, shape and size (depth) of the ablation craters were
studied by Scanning Electron Microscope and 3D Measuring Laser
Microscope. The pictures of the craters were made by FEG SEM (Field
Emission Gun Scanning Electron Microscope) MIRA3 with a high
brightness Schottky emitter. The FEG SEM microscope has an extra-
ordinary resolution with powerful optional In-Beam SE (Secondary
Electron) Detector (1 nm or 2nm at 30kV), which is useful for ob-
servation of small particles. The sample surface was covered with 10 nm
of gold using a rotary-pumped sputter prior to SEM analysis in order to
increase conductivity of the surface.

Additionally, the depth of the ablation craters was estimated by 3D
Measuring Laser Microscope LEXT OLS4000 (Olympus). The Olympus
LEXT OLS4000 is a confocal microscope capable of taking high-re-
solution 3D images. The magnification (Optical and Digital) of this
microscope ranges from 108 x-17,280x. It is capable of resolving
features of 10 nm in size in the z direction (sample height) and 120 nm
in the x-y plane. The system is capable of performing a variety of me-
trology measurements. Step height, surface/line roughness, and area/
volume measurements are some of the more commonly used metrology
measurements.

2.5. Transmission electron microscope (TEM)

The post-situ off-line measurements were made by Transmission
Electron Microscope (JEOL JEM 1011) operated at 80 kV. The particles
were collected on grids for TEM analysis using Nano Aerosol Sampler
(TSD).

3. Results and discussion

The nanosecond laser ablation mechanism for glass and metal ma-
terial was studied on-line during LA-ICP-MS analysis with high time

Ar
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Fig. 1. Schematics of measurement set-up for laser ablation system coupled with ICP-MS and aerosol spectrometers, Engine Exhaust Particle Sizer (EEPS),

Aerodynamic particle sizer (APS) and Optical Particle Sizer (OPS).
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Fig. 2. Time evolution of ICP-MS signal for different isotopes during spot ablation of a) NIST 610, c) F4, and line ablation b) NIST 610, d) F4.

resolution and post-situ off-line. On-line techniques included PSD
measurements, off-line particle visualization and estimation of the
crater parameters.

3.1. ICP-MS signal behaviour vs crater formation

The temporal behaviour of the ICP-MS signal will be discussed for
spot and line ablation on two samples with different matrices. It is
known that different ablation modes give different material mass
sampled into ICP, different aerosol composition [38] and so influences
the analytical results. The line scan ablation provides a particle size
distribution stable in time that brings also steady analytical response
[45].

The signals of selected isotopes for NIST 610 display Fig. 2a and 2b.
In the case of spot ablation the intensities decrease over the ablation
time (Fig. 2a). The continual signal decline reflects the hole drilling and
is therefore dependent on the crater depth. One factor can be in-
complete washing of the material from deeper crater, the other factor is
decreasing ablation rate with pulse count. Average ablation rate for the
first 100 pulses was 195nm per pulse while for 700-800 pulses only
145 nm per pulse which indicates descent of the ablation rate in time
(Fig. 3e). The line ablation provides a relatively stable signal in time
(Fig. 2b), the partial fluctuations are most likely due to heterogeneity of
the aerosol and variation of aerosol particle size distribution in time.
The isotope signals registered for the steel sample show different be-
havior especially for spot ablation mode (Fig. 2c). First the signals
grow, all measured isotopes reach the maximal intensity after 250
pulses (255), then decrease and stabilise after 500 pulses (50s). The
line scan ablation can be regarded as more fluctuating than in the case
of glass but with no clear trend in time (Fig. 2d).

One way of helping to characterize the ablation process is the ob-
servation of the ablation craters and an estimation of the crater para-
meters (width, depth and ablation rate). The crater growth during spot
laser ablation was studied after each 100 pulses using SEM and confocal
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microscope. Different crater development can be evident for different
materials as shown in Fig. 3 where SEM pictures of the craters after 100
pulses are presented together with dependence of crater depth on the
number of pulses (with 100 pulses steps).

Spot laser ablation of NIST 610 produces precise cylinder-shaped
ablation craters with minimal sign of material melting (Fig. 3a). The
particles surrounding the crater and covering the bottom suggest new
particle formation (material evaporation followed by condensation)
and consecutive agglomeration of these primary particles into clusters.
The detailed structure of the clusters shows Fig. 3c. The even dis-
tribution of the agglomerates around the crater and on the crater
bottom indicates the particle deposition due the gravitational settling
independent on the sample melting. Release of considerable amounts of
melted material is evident during spot ablation of metal samples
(Fig. 3b). This causes a high ablation rim around the crater as well as a
significant amount of splashed material deposited around it. The coarse
particles are covered with nanoparticles as visible in Fig. 3d. As a result,
we can assume the scavenging of nanoparticle particles by the coarse
particles.

The ablation rate differs significantly for both materials. The NIST
610 ablation crater depth grows linearly with number of pulses. The
rim is negligible even with an increasing number of pulses (Fig. 3e). In
the case of steel, the height of the rim is evidence of the material
melting where the recoil plasma pressure pushes the melt out of the
crater. The depth of the ablation crater as well as the rim increase is
more or less linear up to 500 pulses after which the height of the rim is
stabilised (at 40 um) and the progress of the ablation crater is slower
(Fig. 3f).

If the LA-ICP-MS response is put into context with the crater ob-
servations, the connection is evident. In the case of NIST 610 the signal
decreases more or less constantly while the crater depth constantly
grows (Fig. 2a and 3e). The signal decrease during the 800 pulses
reached 24 * 4% on average for all isotopes. The decrease was cal-
culated as a difference between the average intensity of first and last 20
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values of the whole signal record (Fig. 2a). Theoretical value of the
crater depth was 156 pm (19.5 um x 8) if we calculate that the ablation
rate remain constant during the whole 60 s ablation. The real depth was
found to be only 125 pm which means 20 + 2% reduction of the crater
depth due to the decreasing of the ablation rate in time. The remaining
4% of signal loss is attributed to incomplete aerosol washing from
deeper crater. The unsteady signal of the steel sample also reflects the
creation of the crater. We can observe that the signal stabilises after 500
pulses; the crater rim stops growing and the depth does not change as
dramatically as during the first 500 pulses (Fig. 2c and 3f).

Because the fractionation effect influences each nanosecond laser
ablation [31], the stability of the isotopes signal was studied for both
ablation modes. Taking into account the irregular analytical response of
spot steel ablation the fractionation index (FI) was calculated based on
two unevenly long time parts, 0-50s and 50-80s using following

equation (Eq. 1):

2 cps (Msg—sos)/ X €ps (Xso-—s0s)
> cps (Mg_sps)/ Y cps (Xo-s0s) (€8]

where M is measured isotope, X is “*Ca for NIST 610 and ’Fe for steel
F4 (absence of Ca in steel); the subscript is the time period observed.
FI of measured isotopes in NIST 610 shows minimal fractionation
changes during line ablation, FI calculated for spot ablation slightly
fluctuated, mostly towards values < 1 which indicates a relative de-
pletion of these elements with increasing time of analysis (Fig. 4a). FI of
components in the steel sample point to fractionation in time more
clearly. During line scan the LA-ICP-MS response shows enrichment of
Ni and Cu relatively to Fe as the main part of the sample. Spot ablation
FI reports about significant enrichment of mainly refractory elements
such as Mo and W in the second part of the analysis (50-80s). This is

Fl =
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Fig. 4. Fractionation index for 80s spot laser ablation a) NIST 610, normalized to Ca, b) F4, normalized to Fe; ¢) Signal normalized to *"Fe.

against the expectation that the refractory elements accumulate in the
melted sample. The explanation can be more clear after normalization
of the isotope temporal signal records to the main component re-
presented by isotope *’Fe (Fig. 4c). Mo and W signals strongly decrease
relatively to Fe in the first 20 s. During the period 20-40 s the intensity
ratios of all isotope are more or less stable and after 40 s the signals rise
back to their initial value. Although FI points to temporal fractionation
of Mo and W, the effect of their enrichment in the end of ablation is
false. The temporal signals point to instability of Mo/Fe and W/Fe the
same as all isotope signals in first 50 s (compare Fig. 4c and Fig. 2c).
During this time period visible fractionation occurs in a form of re-
fractory element depletion due to higher thermal effect inducing ex-
treme material melting and crater rim growth (see Fig. 3f). After 500
pulses the ablation becomes stable with no more crater rim growth and
a stable analytical signal.

This finding is consistent with the temporal behavior of particle
formation mainly in the size range of 0.3-1 pm as can be seen from OPS
data evolution in time as discussed in Chapter 3.3.2.

3.2. Particles < 560 nm

3.2.1. EEPS - Particle size distribution

The size distributions were averaged for the duration of the whole
laser ablation process (80 s) and through repeated laser ablations with
the same conditions. The average size distributions show very similar
multimodal shape for both materials and both ablation modes (see
Fig. 5). The origin of particles was previously discussed in [38]. Parti-
cles < 30 nm represent the primary particles produced by laser abla-
tion, particles > 50 nm are most probably a product of coagulation/
agglomeration of primary nanoparticles or particles originating from
the droplets' solidification. The spot ablation mode of both materials
produces higher concentrations of primary particles and a lower con-
centration of the largest particles compared to the line ablation mode.
This behavior is more pronounced in the case of NIST 610 material. The
position of the primary particle mode for spot ablation mode is similar
for the ablation of both materials.

The other modes of the size distributions (visible between 20 and
100 nm) for both materials and both ablation modes are secondary
particles formed by coagulation and aggregation of primary particles
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and the larger particles released from melted material by laser pulses as
splashes.

For the line ablation mode, the concentration of the largest particles
is much higher than the concentration of primary particles for both
materials (again more pronounced for NIST 610 material). This is most
probably given by the ablation of a fresh surface producing larger
particles throughout the whole ablation process, while in the case of
spot ablation these particles are produced only at the very beginning of
the ablation process [38].

In the case of NIST 610 material, the last mode (accumulation) of
PSD is shifted to larger sizes (200 and 220 nm for spot and line ablation
respectively) compared to F4 material (120 and 160 nm for spot and
line ablation respectively) for both ablation modes. Moreover, the
whole size distribution exhibits lower concentrations for ablation of F4
material. This shift is most probably caused by differences in material
properties — stronger fractionation effect and/or production of coarse
mode particles (in pm size range). This corresponds to a shallower
crater and higher rim of splashed material around the crater edge in the
case of spot ablation of F4 material (see chapter 3.1.). During spot
ablation of F4 material the sample heats up and easily creates a pool of
melted components, which can result in splashes of the melt. Such
behavior can be attributed mainly to higher thermal conductivity of F4
material compared to NIST 610 (almost 30 times).

However, the EEPS spectrometer is burdened with measurement
error at the end of its measurement range, especially in the large par-
ticle end of the size distribution. The measurement principle relying on
the predictable distribution of charges on particles is more complex in
the case of the large particles close to the measurement range edge and
thus can be causing larger deviations in estimation of particle number
concentration than in the rest of the measured size distribution.
Moreover, the shape of the particles is also very important for charge
distribution on the particles.

The structure of particles with a diameter below 150 nm (with the
collection efficiency above 10%) was studied using TEM. This size re-
gion should include mainly primary nanoparticles created from gas-to-
particle conversion process and also smaller agglomerates. The NIST
610 shows more affinity for clustering than F4 (compare 6a and 6c).
NIST 610 also shows the presence of only one type of particle clustering
together but F4 produces two different types of particles as evident
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from Fig. 6d. The origin of large spheres should be from the hydro-
dynamic sputtering of liquid layer and their size can reach units of
microns [27].

3.2.2. EEPS - Formation of nanoparticles in time

The measurements from EEPS spectrometer were taken during the
period of the whole laser ablation process with a time resolution of 1s.
To show the different trends of particle formation process for different
particle sizes, the time resolved signal of particle number concentration
for five size intervals was pictured into graphs (Fig. 7). The time evo-
lution of particle number size distribution during spot ablation of NIST
610 material shows delayed increased concentration of primary parti-
cles, while the accumulation particles are visible from the beginning of
LA. This means that the primary nanoparticles are mainly produced
when the ablation crater reaches a certain depth (for shallow crater) -
less material for the condensation process is released and production of
larger particles is stable. The primary particles are slowly growing by
accumulation of the evaporated material and coagulation with other
particles during the ablation process. In the case of line ablation of NIST
610, all the particle sizes seem to be produced from the beginning of the
LA process with erratic primary particle production during the ablation
process. The difference between primary and accumulation mode par-
ticle concentration is large, favouring the concentration of accumula-
tion mode particles.

However, in the case of F4 material the primary particles are pro-
duced from the beginning of the LA process again with erratic particle
production for line ablation. The accumulation mode particles are also
produced from the beginning of the LA process. The line ablation of F4
shows loss of agglomerated particles throughout the whole ablation
process comparing to NIST 610. This can be explained by scavenging of
nanoparticles by the coarse particles as discussed in Chapter 3.1.

3.3. Particles with diameter > 540 nm

3.3.1. APS - Size distribution

The time resolution of the APS spectrometer was 80 s, so there was
one APS scan per laser ablation. The particle size distributions were
averaged through successive ablation processes having the same
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conditions.

The larger particles (> 0.5 um) are produced more for F4 than NIST
610 material and this effect is more pronounced for spot ablation mode
(see Fig. 8). This behavior is connected again with the thermal prop-
erties of the materials. The NIST 610 has a thermal conductivity almost
30 times lower than F4 resulting in overheating of the F4 sample and
formation of a melt pool, where the large particles are splashed out by
laser pulses. This effect is more pronounced for SPOT ablation probably
due to laser radiation on a larger area of deeper crater, causing a larger
melt layer surface. It has to be mentioned that in the case of APS, not all
the particles might be characterized in a proper size bin. If the chain-
like clusters or agglomerates are oriented parallel to the flow inside the
optical cell of the instrument, then they might be excluded from the
analysis by evaluation routines in the APS as having too long response
or they might be sized based on their diameter and not the length. The
coarse particles can also scavenge smaller particles, especially the pri-
mary nanoparticles, thus causing lower concentrations of nanoparticles
(see Fig. 5). Moreover, the results obtained from the APS spectrometer
are also density dependent. The results obtained from the LA scans were
corrected using the real density of the materials (2.5gcm™2 for
NIST610 and 7.5 g cm ™2 for F4). If such correction is applied, the whole
size distribution shifts towards smaller particles, moving some of the
measured size bins outside of the measurement range. Unfortunately,
the real density is much smaller, because of the complex nature of the
particles generated by LA, where they create highly porous aggregates
or chain-like particles, where estimation of the real or effective density
is very difficult. If the real density is applied (most probably even < 1
gem™?) the size distribution measured by APS would shift towards
larger particles. And this effect would be larger for F4, because of larger
difference between the effective density of the particles formed by LA
and the real of the ablated material. Nevertheless, the results still show,
that for F4 more of the micron size particles are produced compared to
the NIST610 and this difference would be even larger if the effective
density would be known and applied to the results.

3.3.2. OPS - Size distribution spectra (evolution in time)
The time resolution for OPS spectrometer was set to 10 s in order to
have a statistically significant number of particles counted. The OPS
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uses a different technique for particle analysis than the EEPS and APS
spectrometers and therefore the data from the OPS spectrometer was
also included in this study. Moreover, the OPS offers higher time re-
solution than APS for highly time resolved analysis of the laser ablation.
The data from OPS were separated into four larger size intervals (out of
original 16) for easier reading of graphs. The main emphasis was given
to particles bellow 1 pm, because larger particles are not fully evapo-
rated in ICP and therefore only partially influencing the MS signal. The
dynamic behavior of accumulation mode particles < 1 pm is very si-
milar for both materials and differs by the type of laser ablation process
(spot versus line ablation).

In the case of spot ablation mode, most of the particles were emitted
during the first half of the ablation process. The difference between spot
ablation NIST 610 and F4 is in the second half of the laser ablation
process — for NIST 610 the concentration goes gradually down, while
for F4 the concentration stabilises after 50s. This difference can be
attributed again to the different thermal properties of the two materials.
For spot ablation of both materials most of the total concentration
measured by OPS consists of the particles from the smallest size bin
(0.30-0.47 ym). Only at the beginning of the laser ablation process is
there a small contribution of larger particles (0.47-0.72 pm) which can
be attributed to creation from the intact surface of the ablated material.

The difference between behavior of particles in the overlapping
region of EEPS (200-500 nm, Fig. 7) and OPS (300-500 nm, Fig. 9) is
given by the different measurement principles of both instruments. The
EEPS signal depends only on electrical properties and transferred ele-
mental charges, while the OPS signal depends on the size of the parti-
cles and their optical properties. In this specific case the OPS better
reflects the ICP-MS signal, because both rely on the particle interaction
with light — scattering/light absorption.

For line ablation mode the production of accumulation mode par-
ticles is constant during ablation for both materials. The time evolution
of the particle number size distribution corresponds to the ICP-MS
signal of both materials as shown in Fig. 2 for the spot ablation which
points to the fact that the ICP-MS signal is mainly influenced by the
accumulation mode or larger particles.
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4. Conclusions

The SEM images revealed significant release of melted material
during ablation of steel F4 material, which resulted in a high rim
around the ablation crater and a large amount of deposited material
around the crater due to the hydrodynamic sputtering. In the case of
glass NIST 610, the rim height is negligible and the amount of the
material dispersed around the ablation crater is less significant than in
the case of F4.

The analysis of particle structure using TEM shows a larger tendency
of NIST 610 to create clusters than F4. In the case of F4, two distinct
types of particles can be found - the small primary nanoparticles
available for clustering and large spherical particles released directly
from melted material.

Primary mode particle size is influenced mainly by ablation mode
(smaller sizes for line ablation) and independent of the ablated mate-
rial. This can be explained by the fact that primary particles are formed
by the same mechanism for both materials — evaporation and following
condensation of the vapours, whereas the conditions for this process are
given by the setup of laser ablation (laser settings, the carrier gas, etc.).
On the other hand, the size of accumulation mode particles is governed
by material type (larger sizes for NIST 610).

Particles larger than 500 nm are produced mainly by hydrodynamic
sputtering which is dependent on material properties such as thermal
diffusivity. The melted layer thickness is more significant for metals
compared to glass so higher concentration of large particles was de-
tected for steel. The spot ablation mode supports material sputtering of
metals.

The ICP-MS signal seems to be strongly correlated with a con-
centration of particles larger than 300 nm for both reference materials.

It has to be mentioned that the results obtained by individual
aerosol spectrometers can be burdened with measurement artifact
especially for longer chains or agglomerates. In this case especially for
OPS and APS spectrometers the result depends on the orientation of
such elongated cluster of particles in the measurement volume. In case
of APS it may lead to discarding of such particle into category of non-
valid measurement, because of exceeding the longest allowed time
period between reaching from one laser light or the other. The APS
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Fig. 9. OPS particle size distribution time evolution for spot ablation a) NIST 610, b) steel F4.

sizing principle - acceleration of the particles in the flow field, also
depends on the particle density. If the density of measured particles
deviates from the standard density (1 gcm ™), the results can change
substantially and the size distribution can be shifted towards larger
(density < 1gcm™3) or smaller particles (density > 1gcm™2). This
can be solved by estimation of the effective density of the particles or
even a density function, but unfortunately in most of the cases this is
not feasible. In the case of OPS it may cause scattering of the laser light
from the diameter of the chain-like structure, omitting the long di-
mension, which does not necessarily mean wrong sizing, but it may
influence the overall results. In both cases it leads to underestimating or
even neglecting the concentration of the micrometer sized particles or
to wrong sizing in the smaller size bins, which were detected and visible
on the SEM and TEM images. The EEPS can be burdened by larger
measurement errors close to its upper measurement range (the particles
close to 500 nm) due to complex characterization of charge distribution
on larger particles. It means that the direct intercomparison of results in
the overlapping regions of the aerosol spectrometers based on different
physical principles is usually very difficult and sometimes even im-
possible without additional information (e.g. the average effective
density of the particles or even the density function for different particle
sizes if the discussed LA artifacts — non-stoichiometric composition of
the particles is taken into account). Nevertheless, it does not mean that
the results obtained by aerosol spectrometers cannot be used. The users
of such instruments, just has to be careful about the data treatment and
the following data interpretation.
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1. Introduction

ABSTRACT

The influence of sample properties and composition on the size and concentration of aerosol particles
generated by nanosecond Nd:YAG laser ablation at 213 nm was investigated for three sets of different
materials, each containing five specimens with a similar matrix (Co-cemented carbides with a variable
content of W and Co, steel samples with minor differences in elemental content and silica glasses with
various colors). The concentration of ablated particles (particle number concentration, PNC) was measured
in two size ranges (10-250 nm and 0.25-17 pum) using an optical aerosol spectrometer. The shapes and
volumes of the ablation craters were obtained by Scanning Electron Microscopy (SEM) and by an optical
profilometer, respectively. Additionally, the structure of the laser-generated particles was studied after their
collection on a filter using SEM.
The results of particle concentration measurements showed a significant dominance of particles smaller than
250 nm in comparison with larger particles, irrespective of the kind of material. Even if the number of
particles larger than 0.25 pum is negligible (up to 0.1%), the volume of large particles that left the ablation cell
can reach 50% of the whole particle volume depending on the material.
Study of the ablation craters and the laser-generated particles showed a various number of particles
produced by different ablation mechanisms (particle splashing or condensation), but the similar character of
released particles for all materials was observed by SEM after particle collection on the membrane filter. The
created aerosol always consisted of two main structures — spherical particles with diameters from tenths to
units of micrometers originally ejected from the molten surface layer and pm-sized “fibres” composed of
primary agglomerates with diameters in the range between tens and hundreds of nanometers.
The shape and structure of ablation craters were in good agreement with particle concentration
measurements. Samples with a high crater rim and melted bottom produced the highest number of large
spherical particles. The mass values of all produced aerosols were calculated from the measured ablation
crater volumes and sample densities.

© 2009 Elsevier B.V. All rights reserved.

with different matrices called “matrix effect” cause changes in volume
and composition of the generated particles during the laser beam

Over the last decade laser ablation has become a groove technique in
analytical chemistry widely used for the sampling of solid material into
an inductively coupled plasma mass/optical spectrometer (LA-ICP-MS/
OES) or into other plasma assisted methods such as Laser Induced
Breakdown Spectrometry (LIBS). These techniques are applied for
qualitative and quantitative elemental analysis in the fields of geology,
biology, the environment, metallurgy and in other scientific or industrial
sectors [1-8]. The main problem of the LA-ICP-MS method still remains
the creation of a suitable calibration strategy for each specific
quantitative analysis [2]. Various ablation mechanisms of materials

* Corresponding author.
E-mail address: mhola@sci.muni.cz (M. Hold).

0584-8547/S - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.5ab.2009.11.003

interaction with the different sample surfaces. This fact points to the
importance of a suitable calibration strategy, such as matrix matched
calibration, as the most common quantification technique for LA-ICP-
MS, relying on a certified reference material (CRM) with the same
matrix. The problems associated with matrix matched calibration are
still a frequent topic of research connected with laser ablation methods
[2,9]. Nowadays many different CRMs exist for a wide range of
applications, mainly in geological research. However, for many of
them, only a few or no CRMs with certified values of analytes are
available. In that case, laboratory standards are prepared from the
mixture of an appropriate matrix and analytes with a given concentra-
tion using different procedures such as simple powder pressing, fusing
or sintering [2,10-12]. For those standards requiring a high degree of
homogeneity, utilization of a sol-gel method has been described [13,14].
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Table 1

Composition of Co-cemented tungsten carbide samples (wt.%).
Sample Density gem™* € Co Ti Ta Nb W
1457HF3 15.0 6.13 333 - 103 042 89.09
3648K 14.8 5.62 655 028 0.16 007 8732
554530 125 6.85 817 625 393 158 7322
2286510 10.5 7.85 911 1407 782 3.1 58.05
1520GH25  13.1 459 251 - - - 70.31

Investigation of the laser ablation behavior of samples differing
from their matrices is important not only to understand some general
rules in the ablation mechanism of similar types of materials (e.g.
metal, glass, ...), but also to help when considering the suitability of
materials as calibration standards. The importance of suitable
calibration standards is proved e.g. in [ 15], where a particle formation
study together with LA-ICP-MS quantification analysis of iron based
samples using matrix matched and non-matrix matched calibration
with different laser systems is described. The particle formation
mechanism and several particle parameters (size distribution and
chemical composition) originating from the laser beam-sample
interaction have been intensively studied for various types of material
and different laser ablation conditions. The connection between laser
parameters such as laser wavelength [16-20] pulse duration [15,21-
24] or energy density [25-27] and particle formation mechanism was
unambiguously confirmed.

Recently, for metals the most popular material for research is a binary
brass containing two main constituents with a significant difference in
physical properties [28-32]. For geological materials glass is the
calibration material of choice, so glass is also a frequent topic for the
ablation process studies [33]. The experiments using different methods
for the specification of particle size, concentration, structure and
composition suggested several mechanisms to be responsible for the
production of different particles during laser ablation.

Particle formation studies are often focused on various glass
samples, frequently to CRMs, which are used as calibration standards
in laser ablation assisted analytical methods because of their proper
homogeneity and multi-elemental composition [34-36]. The deter-
mination of particle size, concentration and composition is not the
only topic of research for glass ablation principles. An example of
further parameters which have been studied is the ablation crater
depths of glasses which did not show any direct correlation between
the ablation rate and the glass absorbance. This means that the optical
properties are not the only parameters to be considered as influencing
the UV ablation mechanism [37]. However, the laser wavelength is
one of the most important parameters for glass ablation due to the
different absorptions at various wavelengths. The UV region was
found to be suitable for the ablation of glass materials because of the
absorption of light for samples with different colors [36].

This work deals with the study of aerosol particles produced by
213 nm laser interaction with solid samples composed of different
matrices such as Co-cemented tungsten carbide hardmetals (metal-
ceramic), steel (Fe-based metal) and glass (non-metal) using the

optical aerosol spectrometer and the scanning electron microscopy.
The ablation craters were additionally studied with the SEM and the
optical profilometer.

2. Studied materials
2.1. Co-cemented tungsten carbides

Cemented carbide, or hardmetal as it is often called, is a material
containing a ceramic non-conductive constituent — tungsten carbide
(WC) - and metal cobalt which plays the role of a binder during the
sintering process, so the physical properties of both main constituents
are very different (WC m.p. 2870 °C, b.p. 6000 °C; Co m.p. 1495 °C, b.p.
2877 °C). To obtain a hardmetal with specific properties, other
constituents such as Ti, Ta, Nb or V are added in the form of carbides
before sintering.

Five samples with a varied content of their main constituent were
selected as being representative of a larger set of miscellaneous tungsten
carbide hardmetal products obtained from a powder metallurgy plant —
Pramet Tools, L.L.C., Sumperk, Czech Republic, a subsidiary company of
Seco Tools AB, Fagersta, Sweden. Their properties were expected to vary
over the whole sample collection. Samples were routinely analysed
using XRF spectrometry in the laboratory of the Research Institute of
Inorganic Chemistry, J.S.C., (VUAnCh) Usti nad Labem, Czech Republic.
The composition of the studied Co-cemented tungsten carbide samples
is shown in Table 1.

The samples were in the form of blocks with a target area of about
1.5 cm? and a thickness of 7 mm. The sample preparation consisted of
embedding the blocks into a polymethylmetacrylate (PMM) using a
rounded mould to obtain an easily manipulated cast disc with a
diameter of 3.5 cm. The sample surface of the disc was additionally
rubbed down and polished.

2.2. Steel

Steel represents a conductive material with iron as the main
component so the physical properties of Fe provide the characteristics
of steel materials (m.p. 1535 °C and b.p. 3070 °C). To obtain specific
properties depending on the steel utilization, other constituents are
added during steel production. Steel samples were obtained from
Kralovopolska a.s., Brno, Czech Republic, which is focusing on the supply
of steel for machinery manufacturing. Five samples representing ferritic
steel with an advanced corrosion resistance were in the form of a roller
piece with a diameter of 3 cm. The sample preparation consisted only in
the rollers being cut into 2 mm thick slices. The density of the samples
did not differ significantly (7.6-7.8 g cm™ ). The hardness was obtained
by the Vickers test. Physical properties with the sample elemental
composition are described in Table 2. The content of the different phases
in each sample was measured by Méssbauer analysis. The results show a
pure ferritic phase for sample no. 54666, content of austenite up to 9%
for sample nos. 24195, 43181 and 43182 and 27% of carbidic phase for
sample no. 43164 (see Table 3).

Table 2

Physical properties and composition of steel samples (mg kg ™).
Sample Density g cm—* Hardness HV 1 25°CC W/mK Fe Al Si P Cr Mn Ni Cu Mo
24195 7.70 468 42 97.8% 310 3300 200 500 14 000 400 400 200
43164 7.7 420 44 98.3% 220 3 400 130 1100 10 700 800 600 200
43181 764 555 38 91.9% 140 10 000 160 48 900 3 500 1500 1100 11 500
43182 7.83 266 44 97.6% 160 2500 110 9100 5200 1000 900 4100
54666 7.79 300 50 98.8% 2700 2 400 100 1300 4500 1000 1100 300

? Thermal conductivity at 25 °C.
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Table 3
Results of Méssbauer phase analysis for steel samples. The phase content is given as
atomic fraction of iron atoms.

Sample Ferite Carbides Austenite
24195 0.98 0.02
43164 0.73 0.27
43181 091 0.09
43182 0.98 0.02
54666 1.00

2.3. Glass

Glass is a non-conductive material with SiO, (m.p. 1800 °C and b.p.
2230 °C) as its main component. Commercial standards for X-ray
fluorescence spectrometry — silica glass (2 THETA Co. Ltd., Cesky
Té&sin, Czech Republic) with different colors and visible transparency
were used for the laser ablation experiments. Even if some of the
glasses were classified as transparent to visible light, all studied glass
samples absorbed strongly at 213 nm (A>2.4) so the optical
properties for the laser working wavelength can be declared as nearly
identical. The list of glass samples with their specifications and
chemical composition is presented in Table 4.

2.4. Representative samples

For measurements describing the comparison between the men-
tioned materials, such as temporal behavior of particle formation
(Chapter 4.3), off-line study of the generated particles (Chapter 4.4)
and formation of ablation craters (Chapter 4.5), the following samples
were chosen to represent each group of materials: sample no. 3648 K
for Co-cemented tungsten carbides, sample no. 54666 for steels and
U12 as a representative sample for glass. The sample selection was
based on two criteria. The particle number concentration as the first
one — on the base of PNC measurements, samples with extremely low
or high PNC were edged out (Fig. 1A-C) and a selection was made
from the rest of the samples. The sample composition as the second
criterion — representative samples contain all the important elements
and the content of matrix elements as the same as sample density of
samples do not reach extreme values (see Tables 1, 2, and 4).

3. Experimental
3.1. Laser ablation system

The laser ablation was undertaken using a pulsed Nd:YAG laser
operating at a wavelength of 213 nm with a pulse duration of 4.2 ns
(UP 213, New Wave Research, Inc., Fremont, CA, USA). In order to
generate a sufficient number of particles within the whole particle
size range studied for all examined sample types, several optimization
experiments were undertaken. Based on these experiments, the
following parameters of the ablation laser system were employed: A
laser spot diameter of 100 um, a laser pulse repetition rate of 10 Hz
and a fluence of 13 ] cm ™2 The 33 cm® sample chamber (SuperCell,
New Wave Research, USA) of the ablation system has been specifically

Table 4
Composition of glass samples (wt.%).

designed to enable rapid eluting of the aerosol in a large format cell.
Using helium as a carrier gas under normal operating conditions with
a flow rate of 1.0l min~!, the ablation-generated aerosol was
transported from the chamber through a 0.5-m long polyurethane
transport tube (i.d. 4 mm) to an aerosol spectrometer.

3.2. Optical aerosol spectrometer for particle classification

The particle size and concentration of the produced aerosol
particles were measured and evaluated on-line with the optical
Aerosol Spectrometer Welas® 3000 Series (WhitE Light Aerosol
Spectrometer, Palas GmbH, Karlsruhe, Germany). The Welas® oper-
ates on the principle of the single particle scattering of white light. The
intensity of the scattered-light detected at an angle of 90° is the
measure of the particle size. The number of scattered-light impulses
measured per time unit determines the particle concentration.
Welas® sensor 2200 provides a direct measurement of size distribu-
tion of particles in the size range 0.25—17 pm (particles in this size
range are called “large” particles in this paper) with a maximum
concentration of 10* particles cm >, The large particles are classified
into 60 size channels on the basis of polystyrene-latex-equivalent
diameters. Particles smaller than 250 nm are below the size limit for
the direct detection by the Welas® sensors. To detect these small
particles their size is first increased, by condensing 2-propanol vapour
onto all present particles in the Condensation Nucleus Counter (CNC),
to um-sized particles that are on-line detected with the Welas® sensor
2100. However, as a result of 2-propanol condensation, the former
size distribution of all particles is lost and we can only count the total
concentration of all particles larger than 10 nm up to 17 pm with a
maximum concentration of up to 10° particles cm ™. The concentra-
tion of small particles (the size range 0.01-0.25 pm) was calculated as
the difference between the total concentration of all particles
(measured with sensor 2100 as a result of 2-propanol condensation
in the CNC; the size range 0.01-17 um) and the concentration of large
particles (measured with sensor 2200; the size range 0.25-17 pm).

During interpretation of the results from the Welas® as well as
from other optical particle counters, it is necessary to take into
account that the intensity of the scattered-light does not depend only
on the particle size, but also on the shape, orientation and especially
on the refractive index of the particle [38-41]. The difference between
the refractive index of the analysed particle and the refractive index of
a latex particle that is used for Welas calibration can consequently
lead to an incorrect indication of measured particle size [42,43]. As a
result, the indicated particulate diameter can be shifted to a higher or
smaller diameter in comparison with the true size of the particle in
question. On the other hand, the difference between the refractive
index of the analysed particle and the refractive index of a latex
particle has no effect on the determination of the particle concentra-
tion in the Welas® because it counts all particles passing through the
sensing volume regardless their refractive index.

3.3. Scanning electron microscopy

The structure of the laser-generated particles was studied off-line
after their collection on a polycarbonate membrane filter (25 mm

Sample Description Density g cm > Si0y Aly03 BaO Ca0o Fe;04 K>0 MgO Nay0 PbO S0 Zn0
us Colorless, clear 279 60.9 2.0 11.2 0.94 0.05 74 0.57 79 1.95 497

u12 White, opaque 247 69.9 7.0 45 0.02 25 0.05 14.0 20
u3s Red, clear 263 60.5 1.2 0.75 0.05 53 0.02 135 145
u37 Dark blue, clear 248 73.0 19 8.0 0.05 25 0.05 12.0 1.0
U42 Colorless, clear 248 67.8 39 4.0 0.05 4.0 21 10.0
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Fig. 1. Particle number concentration (PNC) of small particles {10-250 nm) generated
by ablation of different samples: A) glasses, B) steels and C) Co-cemented tungsten
carbides. The numbers on bars of C) indicate the W/Co ratio in the sample.

diameter and 0.2 pm pores, Cyclopore, Whatman). To collect a sufficient
number of particles, the ablation was performed over a 5 minute time
period. The filter was placed behind the ablation cell at a distance equal

to the ablated particle measurements conducted on the Welas® (0.5 m).
The particles collected on the filter as well as the laser ablated craters
were imaged using the Scanning Electron Microscopy SEM (Vega,
TESCAN, s.r.o., Brno, Czech Republic) equipped with a tungsten heated
cathode electron source. The SEM Vega operates at a base pressure
lower than 8.0x10 3 Pa. The SEM pictures were recorded in the
resolution imaging mode with a resolution in the order of tens of nm.
The standard secondary electron detector was used during image
collection. The electron beam acceleration voltage was kept constant at
30 kV for all presented pictures.

3.4. Optical profilometry

An optical profilometer MicroProf (FRT, Germany) was used for
the measurements of the ablation crater shape and volume with 1-um
lateral and 3-nm vertical resolution. The operational principle of this
equipment has been described elsewhere [44,45]. In this device white
light from a halogen lamp passes through the CHR 150 N lens with a
high chromatic aberration. Different monochromatic light compo-
nents are focused at different heights from a reference plane at the
output of the optical fibre. The same optical fibre collects scattered-
light from the surface under study. This light is analysed by means of a
spectrometer. The spectral intensity distribution of the light pro-
cessed by the spectrometer has a maximum at the wavelength of the
monochromatic component exactly focused on the surface. The height
of the surface irregularities is deduced by means of a calibration table
from the wavelength of the spectral intensity distribution maximum.

4. Results and discussion
4.1. Particle concentration and particle size distribution measurements

Three sets of samples, each having five specimens of material, were
studied to obtain information about particle formation both for the
samples with a similar matrix (within each set) and for different
materials. The concentration both for small (size range of 10-250 nm)
and large (size range of 0.25-17 um) particles was measured using
ablation parameters presented in Chapter 3.0 (Experimental). The
results showed a significant dominance of small particles in comparison
with the large particles, irrespective of the kind of material. Although the
steel samples produced the highest concentration of large particles, the
overall number of large particles produced forms only 0.1% of the total
number of all generated particles (size range of 10 nm-17 um). For the
carbides, the contribution of the large particles varies from 0.01% to 0.1%
due to the different sample composition [44]. In the case of glass
samples, the occurrence of the large particles was even lower (<0.01%).
The results indicate diverse amounts of large particles in aerosols
generated from glass samples compared to other materials (especially
steel) and are in good agreement with the ablation crater observations
(see Chapter 4.5). It points to minimal glass melting during the ablation
process which is understandable if we take into consideration that the
molten surface layer serves as the source of large particle formation. This
problem is discussed in detail in Chapter 4.2.

To characterize the laser ablation behavior of each sample, we
compared the concentration of small particles as a major part of the
generated material. To define the variation in the particle concentra-
tion of samples within each material, relative standard deviation
(RSD) was calculated. RSD was obtained for each material from the
values of particle concentrations of all related samples. Fig. 1 presents
the total concentration of small particles for all 15 specimens.

4.1.1. Glass samples

In the case of the glass samples (Fig. 1A), the total concentration of
all small particles is in very good agreement for all samples (RSD 5%).
That probably results from the similar chemical composition and
physical properties of studied glass in spite of the different colors. A
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very important parameter is the similar strong absorption of 213 nm
of all samples (A>2.4).

4.1.2. Steel samples

The five steel samples showed increased diversity in small particle
production (Fig. 1B). The RSD value of 17% indicates the respective
importance of the sample melting that occurs during the ablation
process for each steel sample, resulting from the difference in chemical
composition, structure and physical properties. The lowest value of
small particle production was found for sample no. 24195. A possible
reason for the difference from the other samples can be found in the
material structure connected with the sample composition. Sample no.
24195 contained the least amounts of Cr, Ni and Mo — elements creating
precipitates in ferritic steels. Moreover these precipitates are formed
along the ferritic grain border whereas precipitates in other samples are
spread independently of the grain structure. These observations were
made by optical microscopy (metallography microscope NEOPHOT32
Carl Zeiss). An example of different structures is given in Fig. 2. Sample
no. 24195 with the least content of Cr, Ni and Mo and sample no. 43181
with the highest content of these elements (both samples with ferritic
structures with a small content of austenite structure) are compared.
Different percent occurrence of precipitates being the same as their
location is obvious.

A

Fig. 2. Microstructure of ferritic steels, optical microscopy in reflected light A) sample
no. 24195 (2% of austenite), B) sample no. 43181 (9% of austenite).

Steel samples can give a good example of the material structure
impact on the laser ablation. Even if the sample composition seems to be
very similar (e.g. all samples contain 97-99% Fe) the structure
influenced by the minor element content or fabrication procedure can
be different and plays an importantrole in the laser ablation mechanism.

4.1.3. Co-tungsten carbide samples

The most significant differences in the concentration for both large
and small particles were observed for Co-cemented ceramic samples.
The RSD for small particles of five ceramic samples reached a value of
42% (Fig. 1C). Evaluation of the relationship between the particle
concentration and the composition of the ceramic samples revealed
the production of a high number of small particles for the samples
with a small ratio of W/Co while an increase in the W/Co ratio induced
a decrease in the formation of small and an increase in the formation
of large particles. Samples with a lower content of Co (higher W/Co
ratio) provided a higher concentration of large particles and a lower
concentration of small particles. Recently, we reported that the small
particles are enriched with Co while large particles are enriched with
tungsten [44], which is in good agreement with theories describing
particle formation — small particles are enriched with more volatile
elements while large particles show a significant enrichment of
elements with a high melting point [29]. The W/Co values are
mentioned together with the PNC of small particles in Fig. 1C.

Other research was focused on a detailed study of the concentra-
tion of large spherical particles. Even if the contribution from large
particles is very low, the results indicate an increased occurrence of the
large particles for samples with a dominant rim around the ablation
crater (see Chapter 4.5). This is understandable if we presume that
the ablation rim increases with the more intensive melting of the
sample surface.

4.2. Size distribution and total volume of large spherical particles

The number of generated particles larger than 250 nm is negligible
in comparison with the total concentration of all generated particles
for all samples (<0.1%) but the question is: what is the total volume of
these large particles. The volume of generated spherical particles
larger than 250 nm was calculated from the particle size distribution
graphs that were created using the data from the Welas® measure-
ments. The distribution graphs (Fig. 3) correspond to 60s laser
ablations and show a similar behavior for all types of tested materials
differing mainly in the absolute value of particle concentration. The
particle size distribution diagrams are displayed across the whole
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Fig. 3. Particle size distribution graph for large spherical particles (Co-cemented tungsten
carbide sample no. 3648 K, steel no. 54666, and glass no. U12).
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range that covers the increase and the decrease of the particle
concentration within the particle diameters. On the basis of these
graphs we can categorize the single spherical particles by their
diameters in the size range of 0.25-3 pm with the mode diameter
around 0.6 um. Only a negligible number of particles larger than 3 pm
in diameter were detected. By SEM we can observe structures -
“fibres” — larger than 3 pm on the filter (Fig. 6, Chapter 4.4). Because
no particles with such a large diameter were detected by optical
spectrometer we can deduce the creation of the “fibre” structures by
impaction and coagulation only during the particle's collection on the
filter surface. Consequently, it follows that particles taking part in the
formation of “fibres” on the filter are transported either as single
particles or in clusters smaller than 250 nm in diameter.

The calculation of large particle volume presumes that the particles
are spherical in shape. The results show that a substantial part of the
large particle volume comes from steel samples (9-50%) and tungsten
carbides (6-23%). For the glass samples the total volume of large
particles does not exceed 0.2%. Calculating backwards using the volume
of the ablation craters gave the following average for particle diameters
smaller than 250 nm (during this calculation, a production of
monodisperse particles was assumed but, in reality, polydisperse
particles are generated): 70 nm for steels, 100 nm for tungsten carbides
and 150 nm for glasses. These results are comparable with values
published for UV ns laser ablation of metal and glass samples [46,47].

4.3. Temporal behavior of particle formation

To obtain information about particle formation during the laser
ablation process, the temporal evolution of the ablation process
during the single spot drilling was monitored by means of the Welas®.
One sample from each group of materials (i.e., carbides, steels and
glasses) was studied (see Chapter 2.4). The number of particles pro-
duced was monitored over 5 second intervals during a 400 second
laser ablation period using the laser conditions described in Chapter
3.1 (Experimental). Measurements for the selected sample of each
material were repeated three times both for small (size range of 10-
250 nm) and large particles (size range of 0.25-17 pm). The temporal
evolution of small-particle formation was similar for all investigated
materials. The only difference was in the total concentration of small
particles obtained (Fig. 4). The highest concentration of small particles
was observed during the first 100 s of ablation with a maximum
around 45 s from the start of the ablation process.

The temporal evolution of the large-particle formation showed a
different behavior for each material studied (Fig. 5). The steel sample
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Fig. 4. Temporal behavior of particle formation during 400 s of laser ablation for
particles in the size range 10-250 nm; PNC — particle number concentration.
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Fig. 5. Temporal behavior of particle formation during 400 s of laser ablation for
particles in the size range 0.25-17 pm; PNC — particle number concentration.

produced the highest concentration of large particles with a
maximum around 40 s after the laser ablation started. The maximum
concentration of large particles generated during the ablation of Co-
cemented carbide was shifted towards a later time (i.e., 100 s after the
ablation started) and the total concentration of large particles
produced is lower in comparison with the steel sample. The glass
sample showed a completely different behavior. The production of a
more significant number of particles in the size range 0.25-17 pm
only started after 100 s from the beginning of the ablation and then
their concentration increased with time without any obvious
maximum. The time delay can be explained by the different
mechanism of the laser-glass interaction. As it has been reported
[37], the first few laser shots cause only minimal production of large
particle, because the glass samples are, for these initial shots, more
transparent. However, these shots create defects in the glass surface
and progress in the formation of these defects strengthens the
ablation process and consequently enhances the production of large
particles.

Fig. 5 indicates that, if only during the first ~300 s, the temporal
behavior of large particle formation for all three samples is different.
After this time interval the ablation processes are stabilized and from
that time onwards the concentration of large particles produced is
comparable for all materials.

4.4. Off-line study of the generated particles

A more detailed study of the shape and structure of laser-
generated particles was performed off-line after the collection of
particles on the polycarbonate membrane filter. SEM observations
provided a similar picture for all materials which independently
proved the same mechanism of particle formation on physical or
chemical sample properties of the sample. The SEM images indicate a
polydisperse particle size distribution that is typical for ns laser
ablation and is in good agreement with other published studies [13-
15,34]. Spherical particles with the diameters from tenths to units of
micrometers are surrounded by a net of “fibres” composed of particles
with diameters in the range of tens to hundreds of nanometers. The
origin of the “fibres” is discussed in [44], and is attributed to several
processes (condensation, coagulation, collision-coalescence process,
hard and soft agglomeration) inside the ablation cell (clusters
composed of several nanoparticles are formed) and on the filter. As
a representative example, Fig. 6 shows the structures of particles
described above collected on filters from the steel sample. Very
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Fig. 6. SEM images of laser-generated particles from steel sample no. 54666 (A, B) after
their collection on a polycarbonate membrane filter; A) overall view to the net of
“fibres” composed of primary clusters with diameters ranging from tens to hundreds of
nanometers surrounding the large spherical structures, B) detailed view with a large
spherical particle and surrounding clusters.

similar structures were observed for Co-cemented carbides and glass
samples too.

4.5. Formation of ablation craters

The shape, structure and volume of an ablation crater can be a clue
to the ablation process behavior. The ablation rate, the degree of
sample melting or the degree of reverse condensation of evaporated
material can be estimated. The amount of material lifted during laser
ablation can be specified from the ablation crater volume with regard
to the amount of material remaining around the crater as a rim. The
height of the crater rim and the amount of material deposited around

the craters for each material were studied using both the SEM and the
optical profilometer. The SEM images of ablation craters after 600
pulses for each material, together with the optical micrographs and
selected cross-section, are presented in Fig. 7A, B, and C.

Steel is a material with the most visible melting during laser
ablation. As an example, steel sample no. 54666 (Fig. 7A) provided a
40 pm deep ablation crater with a high crater rim (40 pm) and the
crater bottom with a shape indicating the presence of a liquid phase
during ablation. Although only contributing a negligible concentration
of large particles compared to the total concentration of all particles
(see Chapter 4.2), there is an evident correlation between the PNC (in
the size range 0.25-17 pm) and the height of the ablation rim. The
biggest difference was found between sample no. 43164 (as the only
sample containing carbide ) with a minimal crater rim (5pm) and
sample no. 43182 with the ablation rim of up to 40 pm and a three
times higher PNC value which indicates a higher occurrence of sample
melting during the nanosecond ablation. In general the height of the
crater rim grows with an increase in the concentrations of large
particles produced. The crater rims of all steel samples reached
heights from 5 to 40 pm with an RSD of 55%.

A melted bottom was also observed in the crater of the Co-
cemented carbide sample (Fig. 7B). The presence of the crater rim was
not so obvious as in the case of steels. The rim heights reached values
of 2-8 um with an RSD of 40%.

From Fig. 7C we can conclude that glass samples provided ablation
craters with the least evidence of thermal effects when crater rims of
less than 5 pm with an RSD of 16% were observed. Smaller thermal
effects in comparison with metal or ceramic samples are explainable
by the lower thermal conductivity of glass. The absence of larger
deposited particles (tenths-units of microns) corresponds with the
fact that a very small production of large particles was observed in
comparison with steel or tungsten carbide samples during Welas®
measurements (Chapter 4.2).

The size and geometry of the ablation craters for all materials were
obtained from ten cross-sections placed at regular angles across each
ablation crater. The depth of the ablation craters differed very
significantly for each material which indicates diverse ablation rates
(after 600 pulses): Co-cemented carbide 20 pm, steel 40 pm and glass
100 pm; as well as the height of the rim as discussed above. With
regard to the geometry of the craters, the volume of carbide and steel
craters reached the values of 120,000-160,000 pm* and 230,000-
260,000 pm?, respectively. Utilizing the same laser ablation condi-
tions, the ablation craters for glass show the release of significantly
higher volumes of material (680,000-700,000 um?).

4.6. Total mass of the particles

The material mass corresponding to the ablated volume was
calculated using the sample density (Chapter 2.0). The volume of
material finally flushed away from the sample was used — the melted
layer on the crater rim was subtracted from the crater volume. The
calculation does not consider the fractionation that must occur during
ns 213 laser ablation. The following ranges of mass per ablation were
obtained from the samples: Co-cemented tungsten carbides 1.8-
2.1 pg with 8% RSD, steels 1.6-1.9 pg with 5% RSD and glass 1.7-1.9 pg
with an RSD of 9%. The RSD values can be caused by different matrices
of specimens within each sample set or by the estimation of ablation
crater volumes that was probably not perfectly precise due the
irregular shape of the craters. Comparing the average mass of each
material, the lowest value came from the steel samples (1.7 pg). This
is probably caused by the extreme deposition of melted material in
the form of the crater rim (large numbers of particles remain around
of the crater instead of evaporating). The glass samples provided a
lower mass (1.8 ng) compared to the Co-cemented tungsten carbides
(2.0png) and this is probably due to the different optical and
mechanical properties. We can also take into account the inaccuracy
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Fig. 7. SEM and optical micrograph of the ablation crater together with a representative cross-section on A) steel sample no. 54666, B) Co-cemented carbide sample no. 3648K,

C) glass sample no. U12.

of the calculation caused by the different densities of ablated samples
and particles formed during the ablation.

5. Conclusion

The nanosecond 213 nm laser ablation of samples with different
matrices, chemical composition and physical properties was studied
using the optical aerosol spectrometer, the SEM and the optical
profilometer. Metal (steel), metal-ceramic (Co-cemented tungsten

carbide hardmetals) and non-metal (glass) samples were chosen to
represent materials with significantly different characteristics. Each
material was represented by five specimens. The optical measure-
ments, allowing the determination of particle concentrations at two
size ranges (small particles with diameters ranged from 10-250 nm
and large particles with diameters in the size range of 0.25-17 um)
revealed different temporal behavior of large particle formation as
well as diverse amounts of large particles in the aerosol during glass,
steel and metal-ceramic sample ablation.
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The dependence of the production of particles smaller than
250 nm on the composition and structure of the single specimens is
unquestionable for metal and metal-ceramic samples. A connection
between Co content and particle production was found in the case of
tungsten carbides. The explanation for the steel samples is more
complicated due to the multicomponent composition and different
physical properties of each sample. The different behavior of laser
ablation can be accredited to the various sample structures.

Even if the number of generated particles larger than 250 nm is
slight (<0.1%) in comparison with the total concentration of all
generated particles for all samples, the volume of large particles is
negligible only for glass (<0.2%). In the case of steel samples it can
reach up to 50%. This is attributed to the reduced melting of glass
samples during the ablation whereas the melting surface serves as a
source for the ejection of particles reaching diameters up to several
micrometers.

The structure of the ablation craters also points to a higher
participation of the melting processes in the case of metal/metal-
ceramic samples in comparison with glass. Ablation craters with a
minimal deposit on the crater rim and minimal melted bottom were
observed on the glass samples in contrast to e.g. craters on metal
samples where the material has been evidently melted. A smaller
thermal effect in comparison with metal or ceramic samples is
explainable by the lower thermal conductivity of glass. The results of
the particle concentration and particle size distribution measurements
together with the off-line study of collected particles by SEM suggest the
same ablation products for all studied samples, independent of the
sample matrix. Particles generated during the laser ablation contain two
main structures. First, spherical particles with a diameter range of 0.25-
3 pm with the mode diameter around 0.6 um formed by ejection from a
liquid surface layer due to hydrodynamic instability. Second, clusters
reaching sizes of tens to hundreds of nanometers that are visible by SEM
as construction units of “fibres” with a length of several micrometers
forming explicitly on the filter surface.

The total mass of the particles obtained from the crater volume and
sample density provided lowest values for steel samples (1.7 pg in
average) probably because of the high number of particles remaining
around the rim of the crater instead of evaporating. The mass reached
values 1.8 and 2.0 ng for glass and Co-cemented tungsten carbides,
respectively. Consideration should be given to the fact that the
calculation does not consider the fractionation that must occur during
ns 213 laser ablation.
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Cobalt-cemented hard metals present an example of samples with a complicated matrix consisting of
components differing in chemical and physical properties and with extremely low volatility of all
components. The purpose of this study was to compare particle formation of a set of real samples with
similar matrices but different content of major components. The laser ablation process was studied
using a Q-switched quintupled (213 nm) nanosecond Nd:YAG laser. Five samples of Co-cemented
tungsten carbides, actually WC-TiC-(Ta,Nb)C-Co with a varied content of main constituents, were
selected as representatives of a family of 15 miscellaneous tungsten carbide hard metal products.
Physical and chemical properties vary over this specimen selection and therefore the effect on particle
size formation and distribution was expected. The size distributions by number of ablated particles in
different size ranges were measured using an optical aerosol spectrometer. The results proved the
relationship between particle formation and sample composition. The structure of laser generated
particles and the properties of ablation-craters were additionally studied by scanning electron
microscopy (SEM). Spherical particles in the diameter range of 0.25-2 pm and pm-sized agglomerates
composed of primary nano-particles were observed. The W and Co content in the aerosol particles was
determined by energy dispersive X-ray spectroscopy (EDS). The volumes of ablation craters were
measured by an optical profilometer. The laser ablation study of selected Co-cemented tungsten carbide
hard metals indicates a similar total volume of formed particles with composition-dependent

particle-size distributions.

1 Introduction

Knowledge of particle sizes and their number distribution in
laser-generated aerosols is required for better understanding of
non-stoichiometric effects observed with laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS). These
effects are generally comprised within a common term called
fractionation. Some works have proved the significant influence
of laser parameters such as laser wavelength,' pulse duration®**
or energy density'*'® on particle formation mechanisms, which
reflects fractionation effects that manifest themselves as matrix
interferences of an ICP-MS signal. Using shorter laser wave-
lengths, in fact in the ultraviolet (UV) region, leads to a decrease
in the formation of larger particles (dimensions of units of
micrometers) and consequently to reduced elemental fraction-
ation within an ICP.>* The pulse duration also belongs to the
most important laser parameters. Generally we can say that the
use of shorter pulses leads to reduction in the formation of large
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particles. The use of laser pulses with a duration of the order of
femtoseconds (fs-LA) makes it possible to eliminate or at least
substantially decrease the formation of particles with diameters
on the micrometric scale, which by contrast are abundant when
nanosecond pulses (ns-LA) are applied. Mechanisms of the
interaction of femtosecond laser pulses with a target are associ-
ated with diminuition of thermal effects, and consequently with
decreased material melting. For example, during UV-fs-LA of
SRM silicate glass only nano-sized agglomerates in the range of
50-250 nm were observed whereas a UV-ns-LA generated
aerosol showed a bimodal distribution formed by micro-sized
molten spherical particles and nano-sized agglomerates.”

Besides the ablation process itself and vaporization and ioni-
zation in the ICP, it is the transport of aerosol particles to the
ICP, which is critical and also contributes to fractionation.'”?*
Therefore, the shape and volume of an ablation cell, a position of
target with respect to a carrier gas inlet/outlet, a carrier gas
composition and flow rate, a transport tube material and length
deserve the necessary attention and are studied in connection
with fractionation effects.?*?* Works studying the structure of
the nanosecond laser-generated aerosol during its transport from
ablation cell to ICP proved the fact that condensed nano-parti-
cles are not transported separately as single particles but as
agglomerates with the sizes up to units of micrometers.'? The rate
of agglomeration is dependent on the transport conditions.

As it was mentioned, fractionation is influenced by many
factors ranging from laser ablation conditions to ICP effects.
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Nevertheless, the first step towards understanding these
complicated processes is the acquisition of information on
properties of particles generated under selected LA conditions.
After this, we can investigate the changes caused by transport or
ICP effects. As the study of aerosol is feasible only after particles
have left the ablation cell, the influence of particle transport is
always included. However, theoretical models of particle
formation can be created on the basis of known patterns.

Many works are devoted to studies of fractionation of brass
alloys such as metal materials containing main constituents
with a significant difference in physical properties.®!*!3:142528 A
cascade impactor used to collect ablated particles showed
variances in zinc and copper concentration in particles with
different sizes.?® Zinc prevailed in particles smaller than 100 nm
while the larger particles were enriched with copper.2® On the
basis of the experiments proving the particle size dependence on
chemical composition, a theory of particle formation during laser
beam interaction with a target was established. Various mecha-
nisms were suggested and proved to be responsible for particle
production during laser ablation. Small particles, enriched with
the most volatile constituent (zinc), can be formed by nucleation
and condensation processes from the vapor, whereas larger
particles rich in lower-volatility elements (copper for example)
may be ejected from the molten surface layer. Particle ejection
from a liquid surface of a target occurs due to hydrodynamic
instability which results from recoil pressure induced by a vapor
plume expansion. Theoretical calculations of Zn/Cu ratio
dependences on particle sizes were accomplished.””

Particle formation studies are often focused on various glass
samples, frequently to certified reference materials (CRM),
which are used as calibration standards in laser ablation assisted
spectrometry because of their proper homogeneity and multi-
elemental composition.!s2*-3! An example can be the study of
elemental fractionation during 266 nm ablation of CRM silicate
glass and zircon, representing a real silicate sample. Experiments
showed that laser ablation of different silicate samples under
identical experimental conditions produced aerosols with
different particle size distribution, whereas particles with
different sizes vary in their phase and chemical composition.*!

This work is focused on the study of particle formation
during 213 nm laser ablation of Co-cemented ceramic samples
containing tungsten carbide (WC) as the main constituent. The
sample set selection gives a great opportunity to study particle
formation behaviour of real samples with similar matrices but
different main components giving the specific properties of each
sample — previous published works mostly focus on particle
formation of one specific reference material. Tungsten carbide
is frequently used for its extreme hardness and resistance
as a constructional material for heavy-duty parts exposed to
extreme wear and temperature. Tools and components are
prepared either as sintered pieces or the surface of components is
covered with a plasma-sprayed coating. Cemented carbide, or
hardmetal as it is often called, is a material made by “cementing”
very hard tungsten monocarbide (WC) grains in a binder matrix
of tough cobalt metal by liquid phase sintering. The high solu-
bility of WC in cobalt at high temperatures and a very good
wetting of WC by the liquid cobalt binder result in an excellent
densification during liquid phase sintering and in a pore-free
structure. As a result of this, a material is obtained which

combines high strength, toughness and high hardness. The
combination of WC and metallic cobalt as a binder is a well-
adjusted system not only with regard to its properties, but also to
its sintering behavior.*?

As stated above, cobalt-cemented carbide hardmetals repre-
sent materials containing a ceramic non-conductive constituent —
tungsten carbide (WC) and metal cobalt, so the physical
properties of both main constituents are very different (WC
melting point 2870 °C, boiling point 6000 °C; Co melting point
1495 °C, boiling point 2877 °C). Hardmetals with specific
properties contain also other constituents in the form of carbides
such as Ti, Ta, Nb or V. By the addition of titanium carbide and
tantalum carbide, the high temperature wear resistance, the hot
hardness and the oxidation stability of hardmetals have been
considerably improved, and the WC-TiC-(Ta,Nb)C-Co hard-
metals are excellent cutting tools for the machining of steel.

The aim of this work was to investigate the behaviour of a set
of samples and the particle formation process during nanosecond
UV laser ablation. For this purpose, less usual and resistant
WC-Co hardmetals were employed. Formerly, the cobalt content
in plasma sprayed WC-Co coatings was determined by using
ultraviolet®® and infrared®® laser ablation with inductively
coupled plasma optical emission spectrometry (LA-ICP-OES).
Linear calibration curves with relatively narrow coincidence
bands and high coefficients of correlation were obtained for the
determination of major constituents in cemented WC-TiC-
(Ta,Nb)C-Co hardmetals by LA-ICP-OES.*

2 Material and sample preparation

Fifteen miscellaneous tungsten carbide hardmetal products were
obtained from a powder metallurgy plant — Pramet Tools,
L.L.C., Sumperk, Czech Republic, a subsidiary company of
Seco Tools AB, Fagersta, Sweden. Five samples with varied
content of main constituents were selected as representatives of
the above large set of materials. Their properties were expected
to vary over the whole specimen collection. Samples were
routinely analysed using XRF spectrometry in the laboratory
of the Research Institute of Inorganic Chemistry, J.S.C.,
(VUANCh) Usti nad Labem, Czech Republic. Details on the
XREF instrumentation and analysis have already been described
by Kanicky er al. in ref. 33-35. The composition of studied
samples is shown in Table 1.

For easy manipulation, the block sample with a target area
of about 1.5 cm® and thickness of 7 mm was embedded into
polymethylmetacrylate (PMM) using a rounded mould to
obtain a cast disk with a diameter of 3.5 cm. After PMM
solidification, the target surface of the disk was ground down
and polished.

Table 1 Composition of analysed carbide samples (wt'o)

Sample C Co Ti Ta Nb w

1457THF3 6.13 333 — 1.03 0.42 89.09
3648K 5.62 6.55 0.28 0.16 0.07 87.32
554830 6.85 8.17 6.25 3.93 1.58 73.22

2286810 7.85 9.11 14.07 7.82 3.1 58.05
1520GH25 4.59 25:1 — - — 70.31
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3 Instrumentation

3.1 Laser ablation device and instruments for particle
classification

Laser ablation was performed using a pulsed Nd:YAG laser
system UP 213 (New Wave Research, Inc., Fremont, CA, USA)
operated at a wavelength of 213 nm with a pulse duration of
4.2 ns. Based on optimization experiments, the laser spot with the
diameter of 100 um, the laser pulse repetition rate of 10 Hz, and
the fluence of 13 J cm 2 were employed thus ensuring generation
of a sufficient amount of particles within the whole studied
particle size range for all examined samples. Higher fluences
(30 and 40 J cm~?) were also tested for the experiments, but
with the increasing fluence the reproducibility of the particle
concentration measurements rapidly decreased (13 J cm 2 with
6% RSD, 40 J cm~? with 20% RSD). Because the particle size
distribution diagrams have the same shape differing only with the
particle number, the fluency of 13 J cm~2 was employed for the
rest of the experiments. The ablation system is equipped with
a 33 cm?® SuperCell (New Wave Research, USA) designed to
enable rapid eluting of the ablation-generated aerosol in a large
format cell. Helium was used as a carrier gas with the flow rate of
1.0 1 min~'. Aerosol was transported from the ablation cell
through a 0.5 m long polyurethane transport tube (id of 4 mm) to
an aerosol spectrometer.

The parameters of produced aerosol particles (i.e., particle size
and concentration) were measured and evaluated with the
Optical Aerosol Spectrometer Welas® 2000 Series (WhitE Light
Aerosol Spectrometer, Palas GmbH, Karlsruhe, Germany). The
Welas® operates on the principle of the single particle scattering
of white light. The intensity of the scattered-light detected at an
angle of 90° is a measure of the particle size. The number of
scattered-light impulses measured per time unit determines the
particle quantity and therefore the concentration. Welas® sensor
2200 measures number concentration of particles in the size
range 0.25-17 um with a maximum concentration of 10* particles
cm—. The particles are classified into 60 size channels on the basis
of polystyrene-latex-equivalent diameters. The Condensation
Nucleus Counter (CNC) module allows time-resolved particle
counting within the nanometer range for particles larger than
8 nm in concentrations up to 10° particles cm . This CNC
module works on the principle of 2-propanol condensation on
the particles.

The structure of the laser-generated particles was studied after
their collection on polycarbonate membrane filter (25 mm
diameter, 0.2 pm pores, Cyclopore, Whatman) using scanning
electron microscopy (SEM). The filter was placed behind the
ablation cell in the distance accordant with the ablated particle
measurements (0.5 m). To collect sufficient amount of particle
for SEM experiments, the ablation was performed for a 5 min
time period.

The high resolution SEM (Vega, TESCAN, s.r.o0., Brno, Czech
Republic) was used to image both the particles collected on the
filter as well as the laser ablated craters. The SEM Vega is
equipped with tungsten heated cathode electron source and
operates at a base pressure better than 8.0 x 10~* Pa. The all
presented SEM pictures (Fig. 4 and 6, see Results and discussion)
were recorded in imaging mode with a resolution in the order of

tens of nm. The standard secondary electron detector was used
during collection of the images and the electron beam accelera-
tion voltage was kept constant at 30 kV.

3.2 Energy dispersive X-ray spectrometry analysis of aerosol
particles

To examine the W and Co content in the ablated aerosol particles
collected on the filter, an EDS instrument (INCA x-sight, Oxford
Instruments Ltd., UK) of field emission SEM (JSM-6700F,
JEOL, Japan) was used. The SEM is provided with the cold auto-
emission cathode that works at a pressure of 10~* Pa and the
pressure in the specimen chamber was maintained at 10~* Pa
during the analysis. The secondary electron detector providing
the topographical contrast was used. All the secondary electrons
producing a “lower electron image” (LEI) were collected by
a conventional Everhart-Thornley (E-T) detector mounted aside
the electron beam. The second in-lens system detected the true
secondary electrons in the direction of the objective lens, thus
producing highly resolved “secondary electrons image” (SEI).
The acceleration voltage was 5 kV. The working distance (WD)
was in the range of 8-15 mm so it could allow the imagining and
appropriate condition for EDS analyses.

The EDS analysis was performed at the electron acceleration
voltage of 15 kV. The analyzer sensitivity was sufficient to
measure signals of elements from boron to uranium. The electron
beam energy was high enough to excite the elements of interest. A
liquid nitrogen cooled Si(Li) detector of the INCA x-sight
analyzer guarantees stable output with count rate.

The elemental distribution map on filter area (Section 4.2) was
obtained by a QUANTAX XFlash® (Bruker, Germany) detector
coupled to the SEM Vega.

3.3 The ablation crater observation

The operation principle of the optical profilometer MicroProf
(FRT, Germany) used for the measurements of the ablation
crater volume is based on utilization of the chromatic aberration
of the optical sensors positive lens.* In the device, a white light
from a halogen lamp passes through the CHR 150 N lens with
the high chromatic aberration. Different light monochromatic
components are focused in different heights from a reference
plane at the output of the optical fibre. The same optical fibre
collects scattered light from a surface under study. This light is
analyzed by means of a spectrometer. The intensity spectral
distribution of the light processed by the spectrometer has
a maximum at the wavelength of the monochromatic component
exactly focused on the surface. The height of the surface irreg-
ularities is deduced by means of a calibration table from the
wavelength of the intensity spectral distribution maximum. The
ablation craters were measured with 1 um lateral and 3 nm
vertical resolution.

4 Results and discussion
4.1 Particle formation

The amount of aerosols produced from five Co-cemented
samples was monitored under optimized laser ablation condi-
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Fig. 1 Dependences of particle number concentration (PNC) on W/Co
ratio for small particles (10 nm-0.25 pm).

tions (see Section 3.1) in order to investigate fractionation effects.
The results indicate a relationship between particle formation
and sample composition since both large (0.25-17 pm) and small
(10 nm-25 pm) particles correlate with the W/Co ratios. The
dependence of particle number concentration on the W/Co
content ratio for all five samples is linear and is shown for both
small and large particles in Fig. 1 and 2, respectively. These main
constituents with different chemical and physical properties
(melting point, conductivity, etc.) are expected to be responsible
for governing the particle formation mechanism. Tungsten is the
main constituent (50-90 wt%) present in a form of low-volatility
tungsten carbide (melting point of 2870 °C, boiling point of
6000 °C) while cobalt represents a metal element with much
higher volatility (melting point of 1495 °C, boiling point of
2877 °C). Samples with lower content of Co provided a higher
concentration of large particles and a lower concentration of
small particles, which is in a good agreement with theories
describing particle formation — small particles are enriched with
a more volatile element while large particles show significant
enrichment of element with a high melting point.?**’
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Fig. 2 Dependences of particle number concentration (PNC) on W/Co
ratio for large particles (0.25-17 pm).

Except for the determination of total particle number
concentration, the Welas® spectrometer allowed us to measure
also particle size distribution of large particles in the size range
0.25-17 um. In this size range, the measurements proved similar
particle distribution for all tested samples with the mode diam-
eter 0.6 pm. The number of particles larger than 2 pum in diameter
is negligible (Fig. 3).

It is evident from data in the literature that both nanoparticles
and vapour of ablated sample are formed during the laser
ablation. The particle formation then continues both inside the
ablation cell and during the transport of ablated products (i.e.,
a mixture of particles and vapour) from the ablated cell into the
ICP or measuring device (Welas®, filter) by the nucleation/
coagulation processes and by vapour condensation on existed
particles. The generated particles were additionally studied off-
line after their collection on the polycarbonate membrane filters
using the scanning electron microscope. The SEM observations
showed typical pictures pointing to polydisperse particle size
distribution. Spherical particles with diameters from tenths to
units of micrometers and a net of “fibres” composed of primary
particles with diameters in the range between tens to hundreds of
nanometers were observed (Fig. 4a. 4b). In a detailed study of the
“fibres™ structure, clusters of agglomerated nanoparticles were
observed as building units of the fibres. Visible examples of the
clusters are clearly marked in a circle in Fig. 5. These clusters
seem to be compact, composed of several nanoparticles. The
origin of the cluster formation can probably be put into the
ablation cell during the condensation process as described by
Kuhn et al.*® and during collision-coalescence process increasing
the primary size of the condensed particles.’” The final structure
of the agglomerates is done by the rate of the hard agglomeration
(particles held by stronger chemical or sintering bones) and soft
agglomeration (by weak physical van der Waals forces)
depending on the process conditions.*®*® The possibility of all
processes leading to the particle agglomeration can be calculated
using the microplasma parameters and the particle dilution in the
gas flow.*! In our study, the agglomeration of the clusters
creating the “fiber” structure should be predicated to the particle
collection on the filter. The particle trajectories in the transport
tube are changed because of the filter constituting an obstacle in
the gas flow with the effect of the high particle concentration in
specific area on the filter. To confirm this theory, SEM images of
collected particles were done for both multiple laser ablation with
10 Hz repetition rate (3000 pulses) and also after application of 5
pulses with the 1 Hz repetition rate to obtain a lower particle
number density (Fig. 6). The “fibre” structure is obvious in both
cases as it is shown in Fig. 4 and 6. It means that although the
particle concentration on the filter is minimal, the agglomeration
of the primary clusters is proved. This assertion is supported by
the Welas® spectrometer measurements — no particles larger than
2 um were registered which indicates the presence of large
agglomerates (fibres) only on the filter, and not during the
transport into ICP.

Instead of a detailed study of the particle production
mechanism, here we concentrated on the measurement of size
distribution of particles produced by laser ablation of the
studied samples. Although the employed on-line instrumenta-
tion (i.e., Welas®) allows direct measurement of size and
number concentration of particles transported from ablation
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Fig.4 SEM images of laser generated particles from sample 554530, after their collection on a polycarbonate membrane filter; (a) overall view to the net
of “fibres” composed of primary particles with a diameter between tens to hundreds of nanometers, clusters and large spherical structures and (b) detail

of a large spherical particle and surrounding clusters.

cell to ICP, we cannot distinguish particles produced directly
inside the ablation cell from particles/agglomerates formed
during their transport to ICP by nucleation/condensation
processes of vapour and/or by coagulation of smaller particles.
However, we can distinguish particles formed during the
ablation process and the subsequent transportation into ICP

(they are measured as a sum by Welas®) from particles
observed on the filter that are produced by mutual impacts of
smaller particles transported from ablation cell (they are
measured by SEM). The measurements performed with Welas®
revealed that the majority of particles transported from abla-
tion cell to ICP lie in the range below 250 nm. The number of
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Fig. 5 The detailed SEM image of the agglomerated nanoparticles.
Visible examples of the clusters are marked in a circle.

particles larger than 250 nm (0.25-2 um) was approximately 4
orders of magnitude smaller.

The size of large spherical particles can be described using the
particle size distribution graph (Fig. 3) that presents single
spherical particles with diameters in the size range of 0.25-2 pm.
The agglomerates forming “fibres” observed on the filter are
created by impaction and coagulation of smaller particles
(single particles or clusters; the majority of them smaller than
250 nm) during their collection on the filter, which proves the
fact that no particles larger than 3 um were observed during the
Welas® experiments. Consequently, it follows that particles
taking part in formation of agglomerates on the filter are
transported either as single particles or in clusters smaller than
250 nm in diameter.

4.2 Elemental composition

For the aerosols, we have clearly demonstrated the correlation
between the W/Co ratios and particle size. Ablated particles
collected on the filter were analyzed using the EDS technique.
Two samples with extreme values of Co content (1520GH25
and 1457HF3) were selected to demonstrate a possible influence
of sample matrix on diversity of particle composition. The
measurements were focused on the determination of W/Co

Table 2 The ratio of W and Co in laser-generated particles obtained by
EDS

Average W/Co Average W/Co
Declared ratio measured ratio measured
W/Co on nano-particle RSD on single pm-sized RSD

Sample ratio agglomerates (%)  spherical particle (%)
1457THF3 2.8 2.6 6 6.6 32
1520GH25 26.8 21.2 9 257 48

ratio in clusters and pm-sized spherical particles. During
analysis of agglomerates, the area of ca. 50 nm?* was scanned.
In the case of single spherical particles the scanned area was
adapted to the particle size. Five different measurements of
each kind of particle provided results summarized in Table 2.
These results reflect a different composition of small and large
particles with the same trend for both selected samples. While
large particles are enriched with tungsten as the element with
low volatility, depletion of W as well as Co enrichment in
clusters of small particles are obvious. Material 1457THF3
represents a more illustrative example as the high cobalt
content (25%) induces more significant differences in particle
composition than the 1520GH25 material. High RSD values
for the determination of elements in large particles indicate
a considerable range of results, which is caused by the presence
of small particles (smaller than =100 nm) adsorbed on the
large particle surface. As a consequence, the analysis of only
a large particle itself is impossible, because the contribution of
adsorbed particles distorts the analysis. A detailed image of
a spherical particle covered with a spread of smaller particles is
shown in Fig. 7.

For an illustrative demonstration of elemental distribution in
different-sized particles, the 5 x 4 pum filter area was mapped
using EDS. The accumulation of tungsten in spherical particles is
evident as well an even distribution of cobalt in agglomerates.
The condensation of Co particles on larger spherical particles is
also clearly visible. Fig. 8 demonstrates the elemental distribu-
tion map on a filter area for particles collected from the sample
no. 1457THF3. The objects on the filter are shown on the BSE
picture (Fig. 8a). For better lucidity the distribution is first
illustrated for each element (wolfram and cobalt) separately in
Fig. 8b and 8c, respectively. The map of all minor elements
together is then shown in Fig. 8d.

Fig. 6 SEM image of (a) the “fiber” structure formed on the filter by 5 laser pulses and (b) a detailed view of the net of fibres.
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Fig.7 SEM image of a spherical particle covered by a spread of smaller
particles.

4.3 Ablation crater formation

Information about ablation rates is one of the important
parameters providing comparison of the laser ablation process of
different samples. The amount of ejected material during laser
ablation can be estimated from the ablation crater volume with
regard to amount of material remaining around the crater as
a rim. The height of the crater rim and amount of material
deposited around the craters for each of the five samples were
studied using both the SEM and the optical profilometer. For
demonstration, Co-cemented carbide no. 554S30 was chosen as
a representative sample with medium cobalt content. The SEM
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Fig. 9 (a) SEM and (b) optical micrograph of the ablation crater
created on sample 554830 together with a representative cross-
section (c).

Map. :
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Fig. 8 The elemental distribution map of particles collected from sample no. 1457HF3, measured on a 5 x 4 um filter area; (a) BSE picture of the
particles on the filter, (b) wolfram and (c) cobalt detected in this area, and (d) the map of all minor elements (W, Co, C. O).
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image of typical ablation crater (Fig. 9a) created on this sample
together with the optical micrograph (Fig. 9b) shows a quasi-
cylindrical structure with an irregular bottom shape (Fig. 9c).
The minimal rim indicates insignificant reverse material deposi-
tion around the crater while the shape of the crater bottom points
to the sample melting during laser ablation. The melted bottom
surface is clearly visible both at the 3D optical micrograph and at
the picture showing one selected cross-section of the ablation
crater (Fig. 9c).

The ablation crater volume of all samples was calculated from
ten cross-sections placed in regular angular distances across each
ablation crater. Non-significant differences of released material
volume and crater rim shape for samples with different W and Co
contents were observed. The crater volumes fall in the interval of
120 000-160 000 um® with the mean value of 145 000 um* and
RSD of 11%.

The mass of the ejected material for each sample was calcu-
lated from the ablation crater volume and sample density. The
results fell in the region from 1.7 to 2.0 pg with the uncertainty of
10%. No dependence of the crater volume on the material mass
was found. These experiments proved an insignificant difference
between ejected masses of different samples.

Conclusions

The laser ablation process with Nd:YAG 213 nm of five
Co-cemented carbide real samples with variable content of main
constituents were studied using the optical aerosol spectrometer,
the SEM., the EDS and the optical profilometer. The results give
support to the theory of particle formation previously described
on brass laser ablation.?*?” The optical measurements, allowing
the determination of particle number concentration at two size
ranges (small particles with diameters in the size range of 10 nm—
0.25 um and large particles with diameters in the size range of
0.25 um-17 pm), proved the relationship between particle
formation and sample composition. The dependences of particle
number concentration on W/Co ratio at five studied samples
were linear for both small and large particles. Particles collected
on membrane filters were inspected by means of SEM and
analyzed using EDS. Produced particles can be divided into two
categories dependent on their size: spherical particles in the
diameter range of 0.25-2 pm and agglomerates composed of
primary particles of diameter range tens to hundreds of nano-
meters. The size of agglomerates was under these laser conditions
(100 pum spot size, fluence of 13 J cm 2, 10 Hz repetition rate)
mostly smaller than 250 nm. The results of EDS analysis proved
a significant increase of tungsten content in large spherical
particles while small clusters are enriched with cobalt. The
surface of large particles is mostly covered with condensed cobalt
which was proved by SEM images and EDS analysis. This is in
good agreement with the theory of particle formation: small
particles, enriched with a more volatile constituent, can be
formed by nucleation and condensation from the vapor, whereas
larger particles rich in low-volatility elements are ejected from the
melted liquid due to hydrodynamic instability of the surface
recoil pressure from the expanding vapor plume.?s*"

The correlation between SEM results and particle size distri-
bution graphs is evident and helps us understand the nucleation/

coagulation processes during the transportation of ablated
particles from the ablation cell into the ICP.

To compare ablation rates of different samples, volumes of
ablation craters were measured by optical profilometer. Non-
significant differences of released material volume and crater rim
shape for samples with different W and Co contents were
observed.
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A study of LA-ICP-MS analysis of pressed powdered tungsten carbide precursors was performed to show
the advantages and problems of nanosecond laser ablation of matrix-unified samples. Five samples with
different compositions were pressed into pellets both with silver powder as a binder serving to keep the
matrix unified, and without any binder. The laser ablation was performed by nanosecond Nd:YAG laser
working at 213 nm.

The particle formation during ablation of both sets of pellets was studied using an optical aerosol
spectrometer allowing the measurement of particle concentration in two size ranges (10-250 nm and
0.25-17 p.m) and particle size distribution in the range of 0.25-17 pm. Additionally, the structure of the
laser-generated particles was studied after their collection on a filter using a scanning electron microscope
(SEM) and the particle chemical composition was determined by an energy dispersive X-ray spectroscope
(EDS).

The matrix effect was proved to be reduced using the same silver powdered binder for pellet preparation
in the case of the laser ablation of powdered materials.

The LA-ICP-MS signal dependence on the element content present in the material showed animproved
correlation for Co, Ti, Ta and Nb of the matrix-unified samples compared to the non-matrix-unified pellets.
In the case of W, the ICP-MS signal of matrix-unified pellets was influenced by the changes in the particle
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1. Introduction

Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) has become a method commonly used for the direct
analysis and microanalysis of solid samples with a very wide field
of application. The main problems that still hinder LA-ICP-MS as an
ideal method for any kind of direct analysis are fractionation and
quantification [1].

The common term “fractionation” comprises non-
stoichiometric effects observed with the LA-ICP-MS. A lot of
works describe the influence of the laser parameters on the parti-
cle formation and consequently various “suggestions” on how to
reduce the fractionation effects using an appropriate laser wave-
length [2-6], pulse duration [7-15] or energy density [15-17] have
been proposed. However most of these parameters are dictated by
the construction of the ablation laser used and so their variability
becomes strongly dependent on the available experimental setup.

* Corresponding author.
E-mail address: mhola@sci.muni.cz (M. Hola).

0039-9140/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2009.10.035

Besides the ablation process itself, the transport of aerosol particles
to the ICP [18-22,4,23] and vaporization and ionization in the
ICP [24] are important and also contribute to the fractionation
manifesting itself as matrix interference of the ICP-MS signal.
During transportation, diffusion of the particles smaller than
2nm and gravitational settling of particles in micrometric range
(contingent on the particle density) takes place and, depending
on the small and large particle representation, the mentioned
factors occur [10]. In the ICP itself the main problem is that large
particles cannot be completely vaporized and ionized. Some works
determine 0.5 wm as a critical size for the particle vaporization
[24,25], however the volatility of particles influences the limit of
the maximum diameter of the particle evaporated in the ICP.

The “matrix effect” is another frequent and permanent problem
arising during the LA-ICP-MS quantitative analysis. The “matrix
effect” is a term for the variable ablation mechanism of materials in
different matrices causing changes in volume and composition of
the generated particles during the laser beam interaction with the
various sample surfaces. To overcome the “matrix effect”, it is nec-
essary to create a suitable calibration strategy for the LA-ICP-MS
quantitative analysis. To compensate for the matrix effect, matrix
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matched calibration has become the most common quantification
technique relying on the use of a reference material with the same
matrix as the analysed sample [1,26].

The analysis of powdered materials by LA-ICP-MS requires a
preparative procedure resulting in a target with sufficient homo-
geneity, cohesion and stability during laser ablation. Plenty of
different methods have been described for the target preparation
such as melting with lithium borate [27-31], casting with a glue
[32,33] or pressing into pellets [34-39]. The choice of a suitable
method depends on the sample properties and laboratory facilities.
Possible resulting problems must be taken into consideration like
sample contamination, loss of volatile elements or sample dilution.

To press the powder into a pellet is the most common way
because of its speed and simplicity. The pellets are pressed with
or without other additives serving as a binder, matrix unifier or
internal standard. The possibility of the matrix unification by using
diverse powdered samples offers the LA-ICP-MS a great advan-
tage in comparison to the analysis of naturally compacted samples
where matrix unification is impossible. On the other hand, the
presence of any kind of additive influences the ablation process.
Therefore the choice of the additive should conform not only to the
pellet's physical properties, but also to the suitability of the ablation
mechanism providing successful quantitative analysis.

The purpose of this study is to show the effect of adding a
matrix unifier into the powdered samples on the particle forma-
tion and the ICP-MS signals. Five powdered Co-cemented ceramic
samples containing tungsten carbide (WC) as the main constituent
were chosen as samples belonging to the same sort. The sample
set selection gives a great opportunity to study particle forma-
tion behaviour of real samples with similar matrices but different
main components giving the specific properties of each sample.
Detailed description of the Co-cemented ceramic is made in work
studying the particle formation of cemented WC samples [40]. As a
matrix unifier powdered silver meeting also the criteria of the suit-
able binder such as easy homogenization with the sample, proper
binding effect and positive price was used on the basis of previ-
ous experience with the silver as a binding material for the pellet
preparation [36,38,39].

2. Experimental

2.1. Samples

2.1.1. Tungsten carbide precursors

The powdered precursors (WC/Co) for cemented carbides were
obtained from Pramet Tools, L.L.C., Sumperk, Czech Republic, a sub-
sidiary of Seco Tools AB, Fagersta, Sweden. Co-cemented carbide, or
hardmetal as it is often called, is a material containing ceramic non-
conductive constituent (tungsten carbide (WC)) and metal cobalt
which plays the role of a binder during the sintering process, so
the physical properties of both main constituents are very different
(WCm.p. 2870°C, b.p. 6000 °C, density 15.8 gcm?; Co m.p. 1495°C,
b.p. 2877 °C, density 8.9 gcm?). To obtain a hardmetal with specific
properties, other constituents such as Ti, Ta, Nb or V are added in
the form of carbides before sintering. By the addition of titanium
carbide and tantalum carbide, the high temperature wear resis-
tance, the hot hardness and the oxidation stability of hardmetals
have been considerably improved, and the WC-TiC—(Ta,Nb)C-Co
hardmetals are excellent cutting tools for the machining of steel
[41]. The physical properties of TiC and TaC as the additives with
the highest content in the final product are: TiC m.p. 3160 °C, b.p.
4820°C, density 4.9 gcm?; TaC m.p. 3880°C, b.p. 5500 °C, density
13.9gcm?.

Five powdered precursors of hardmetals with a varied content
of their main constituents were selected as representatives of a
larger set of miscellaneous samples. Their properties were expected

Table 1

The chemical composition of the tungsten carbide precursor samples (wt%).
Sample Co Ti Ta Nb W
3152 8.06 + 0.41 144+ 070 800+036 3.10+024 57.7+1.5
4795 6.00 £0.25 324+025 3.86+021 1.59+0.11 785+ 17
5046 988 +044 248 +£022 3.17+0.14 131+0.08 76.7 12
5120 8.09 +036 637+041 3.84+0.19 1.58+0.12 726=+09
5124 225+0.8 0.04 +£0.01 - - 723+ 1.0

to vary over the whole sample collection. Samples were routinely
analysed using XRF spectrometry in the laboratory of the Research
Institute of Inorganic Chemistry, J.S.C., (VUAnCh) Usti nad Labem,
Czech Republic. Details on the XRF instrumentation and analysis
have already been described by Kanicky et al. [42-44]. The compo-
sition of studied powdered tungsten carbide precursors is shown
in Table 1.

2.1.2. Sample preparation for LA-ICP-MS

The powdered samples were employed for the analysis as
pressed pellets with and without the binder. In both cases, the
first preparation step consisted of sample grinding to obtain a fine
powder. The particle size distribution, measured by laser diffrac-
tometry, showed diameter values not exceeding 5 jum after 5 min
of sample grinding in a ball mill (Planetary Micro Mill Pulverisette
7, FRITSCH, Germany). The 25 ml mortars as well as milling balls
(@ 12mm) were from Sialon material (90% Si3N,). To obtain
binderless pellets, ground samples were pressed without any addi-
tional material, while the binder-containing ones were prepared
in the ratio of 1:1 ground sample (3 g) and the silver powder (3 g,
99.99% purity, particle size <15 pm; Safina Vestec Company, Czech
Republic), which was homogenized in the ball mill for 10 min.
Pellets of both types were made by pressing with a hydraulic press
(Mobiko Company, Czech Republic) at 1.3 GPa for 30s. The pellet
diameter and thickness was 12mm and 1-1.5 mm, respectively.
The weight of the binderless pellets was in the range of 1.3-1.7 g
whilst binder-containing pellets had a weight between 1.2
and 1.5g.

2.2. Laser ablation system

The laser ablation was realized by a pulsed Nd:YAG laser oper-
ating at a wavelength of 213 nm with a pulse duration of 4.2 ns (UP
213, New Wave Research, Inc., Fremont, CA, USA). In order to gen-
erate a sufficient number of particles within the whole particle size
range studied for all examined sample types, several optimization
experiments were undertaken. Based on these experiments, the
following parameters of the ablation laser system were employed:
a laser spot diameter of 100 pm, a laser pulse repetition rate of
10 Hz and a fluence of 13 J cm 2. Higher fluences (30 and 40 J cm2)
were also tested for the experiments, but with the increasing
fluence the reproducibility of the particle concentration measure-
ments rapidly decreased (13Jcm~2 with 7% RSD, 40]Jcm~2 with
23% RSD). Because the particle size distribution diagrams have the
same shape differing only with the particle number, the fluency of
13]cm~2 was employed for the rest of the experiments. The laser
spot of 100 wm diameter was used because of its suitability for
the bulk analysis of powdered material where the representative
sampling is very important and so larger laser spot is required.
The 33 cm? sample chamber (SuperCell, New Wave Research, USA)
of the ablation system was specifically designed to enable rapid
eluting of the aerosol in a large format cell. Using helium as a
carrier gas under normal operating conditions with a flow rate of
1.01min~!, the ablation-generated aerosol was transported from
the chamber through a 1-m long polyurethane transport tube (i.d.
4 mm) to either an ICP-MS system or an aerosol spectrometer.
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Fig. 1. Total concentration of particles (10 nm-17 pum) formed during the laser abla-
tion of non-matrix-unified (without binder) and matrix-unified (with Ag binder)
samples. The error-bars signify the standard deviation of three parallel measure-
ments of each sample.

2.3. Inductively coupled plasma mass spectrometry

The aerosol was transported to the ICP discharge of the
quadrupole mass spectrometer (ICP-MS Agilent 7500ce, Agilent
Technologies, Santa Clara, CA, USA). The following isotopes were
selected and used for the LA-ICP-MS analyses: 48Ti, 51V, 59Co, 93Nb,
181Ta and 84w

2.4. Measurement of aerosol particles

The particle size and concentration of the laser produced aerosol
particles was measured and evaluated on-line with an optical
Aerosol Spectrometer Welas® 3000 Series (Palas, Germany). The
Welas® operates on the principle of the single particle scatter-
ing of white light. The Welas® sensor 2200 provides a direct
measurement of size distribution of particles in the size range
0.25-17 m with a maximum concentration of 104 particles cm3.
The particles are classified into 60 size channels on the basis
of polystyrene-latex-equivalent diameters. Particles smaller than
250 nm are below the size limit for the detection by the Welas®
sensors. To detect these small particles, their size is first increased
by condensing 2-propanol vapor onto the small particles in the Con-
densation Nucleus Counter (CNC), to p.m-sized particles that can be
on-line detected with the Welas® sensor 2100. However, as a result
of 2-propanol condensation, the former size distribution of small
particles is lost and we can only count the total concentration of all
particles larger than 10 nm up to 17 wm with a maximum concen-
tration of up to 10° particles cm~3. The number concentration of
small particles (the size range 0.01-0.25 pm) was calculated as a
difference between the total number concentration of all particles
(measured with sensor 2100 as a result of 2-propanol condensation
in the CNC; the size range 0.01-17 pum) and the number concentra-
tion of large particles (measured with sensor 2200; the size range
0.25-17 pm).

To avoid coincidence error of Welas sensors, high concentration
of particles produced during the laser ablation was diluted at the
output from LAS by mixing with stream of argon (5-151min~1),
part of formed mixture (51 min~!) was analysed in Welas and rest
was wasted. Measuring of particles by CNC required higher dilu-
tion coefficient (12-15) than in case of sensor 2200 (dilution factor
5-7). Because of non-linear dependence of the dilution factor on
the absolute particle concentration value for two types of sensors
we prefer to demonstrate normalized values instead of absolute
values of PC in Figs. 1 and 4. Dilution factor for PC measured by
CNC was 15 (Fig. 1) while sensor 2200 used for the large particles
determination worked with the dilution factor of 6 (Fig. 4).

2.5. Scanning electron microscopy and energy dispersive X-ray
spectrometry

The structure and chemical composition of the laser-generated
particles was studied off-line after their collection on a polycarbon-
ate membrane filter (25 mm diameter, 0.2 um pores, Cyclopore,
Whatman). To collect a sufficient number of particles, the abla-
tion was performed over a 5 min time period. The filter was placed
behind the ablation cell at a distance equal to the ablated parti-
cle measurements conducted on the Welas® (0.5m). The particles
collected on the filter as well as the laser ablated craters were stud-
ied using an EDS instrument (INCA x-sight, Oxford Instruments
Ltd., UK) of field emission SEM (JSM-6700F, JEOL, Japan). A sec-
ondary electron detector providing the topographical contrast was
used. The acceleration voltage was 5kV. The EDS analyses were
performed at the electron acceleration voltage of 15kV. A liquid
nitrogen cooled Si(Li) detector of the INCA x-sight analyser guar-
anteed a stable output with a count rate.

The EDS allows analysis of W and Co as matrix elements. Method
of EDS did not detect other elements as Ti, Ta and Nb due to the
thickness of carbon coating used for sample conductivity that was
approximately 30nm. The carbon layer decreases the intensity
of X-ray that leaves the sample for the reason of decreasing the
primary electron flux and its own absorption of an output signal.

2.6. Optical profilometry

The ablation crater shape and volume was measured with 1-
m lateral and 3-nm vertical resolution by an optical profilometer
MicroProf (FRT, Germany) [40]. In this device white light from a
halogen lamp passes through the CHR 150 N lens with a high chro-
matic aberration. Different monochromatic light components are
focused at different heights from a reference plane at the output
of the optical fibre. The same optical fibre collects scattered light
from the surface under study. This light is analysed by means of a
spectrometer. The height of the surface irregularities is deduced by
means of a calibration table from the wavelength of the spectral
intensity distribution maximum.

3. Results and discussion
3.1. Matrix unification of different powdered samples

The real function of the silver binder as a matrix unifier was
proved by two ways - by the particle concentration measurements
and by the ablation crater studies. In both cases we presumed more
similar results (smaller RSD) in the particle formation (measuring
the particle concentration (PC)) as well as in the formation of abla-
tion craters (more similar ablation rates and crater structure) - for
samples prepared as matrix-unified pellets than for non-matrix-
unified samples. The measurement of each pellet was done three
times and the repeatability did not reach deviation of 10%. The RSD
value used in the text as a criterion for the “level of unification” was
calculated from mean values of the three repeated measurements
of different samples. The matrix-unified samples represented pel-
lets prepared by pressing of the sample and silver powder mixture
as described in 2.1.2.

The total concentration of generated particles was monitored
during the laser ablation of either non-matrix-unified or matrix-
unified samples. The particle concentration of the five non-matrix-
unified pellets differed from sample to sample very distinctly with a
relative standard deviation (RSD) of 46%. It signifies a high influence
of the sample composition on the particle production during laser
ablation. Even if the tungsten content varies from sample to sample,
the most important changes in elemental composition occur in the
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Table 2
The coefficients of determination of the LA-ICP-MS signals dependent on the ele-
ment concentration for the non-matrix-unified and the matrix-unified samples.

R? Without binder WC+Ag(1:1)
Ti 0.9571 0.9860
Nb 0.9388 0.9782
Ta 0.9698 0.9862
Co 0.9356 0.9822
w 0.6976 0.0391

case other components such as Co, Ti and Ta (see Table 1). The RSD
value, calculated from the PC values of all five samples, decreased
to the value of 19% using the binder for the matrix unification. The
results of PC measurements for both sets of samples are displayed
in Fig. 1.

The observation of different ablation craters can also outline the
similarity or difference in the laser ablation processes — the shape,
structure and volume of the ablation crater can be used to explain
the ablation process behaviour. One of the parameters that can be
estimated from the crater depth is the ablation rate. Here the abla-
tion crater depths were measured using the optical profilometer
after 100 laser pulses. The crater depths on the non-matrix-unified
samples fell in the range of 45-116 um with the mean value of
93 wm and RSD of 36%. This result indicates the differences in the
ablation rates for the samples with different compositions. The
preparation of samples as matrix-unified matrix pellets caused a
reduction in ablation rate differences — the depths of the abla-
tion craters varied from 58 to 87 wm with a mean value of 70 pm.
The RSD value decreased to 16%. The comparison of crater depths
thus proved the results of particle formation. Both data sets con-
firmed our expectations that the binder unifies sample properties
and consequently the ablation process.

3.2. LA-ICP-MS

The suitability of the matrix unification of the powdered hard-
metal precursor for the LA-ICP-MS analysis was tested for Co, Ti,
Ta, Nb and W using the conditions described above. On the basis
of the LA-ICP-MS measurements, the appropriate isotope intensity
(cps—count per second) dependence on the element content in the
sample (simulated calibration curve) was created for each element
and the regression lines were constructed. The following isotopes
were used for analysis: 48Ti, 51V, 39Co, 93Nb, '81Ta and 84W. The
measurements were done on both sets of pellets - (non)/matrix-
unified samples. The coefficients of determination of the regression
lines pertaining to the same element but different pellets (with or
without binder) were compared.

For the matrix-unified samples, the results obtained show
improved correlation of regression lines for all elements except W.
It means that the Ag powder additive helps to unify the LA-ICP-
MS conditions for Co, Ta, Ti and Nd while the possibility of the W
quantification in the matrix-unified samples is unsatisfactory. The
improvement of correlation is shown in Fig. 2, where the regression
lines for Ti are displayed.

Coefficients of determination for all elements are summarized
in Table 2.

3.3. Particle structure and composition

The information about the particle chemical composition can
explain the behavior of the particle formation and consequently
the estimation of the elemental fractionation degree during the
ablation. The particle formation and elemental fractionation of Co-
cemented tungsten carbides during ns laser ablation has already
been described in detail elsewhere [40]. Single spherical particles
with diameters in the size range of 0.25-2 pm and agglomerates
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Fig. 2. The LA-ICP-MS signal dependence on the element content for 5 samples:
(a) *8Ti for non-matrix-unified samples and (b) 48Ti for matrix-unified samples. The
error-bars signify the standard deviation of three parallel measurements of each
sample.

composed of primary particles of diameters ranging from tens to
hundreds of nanometers were observed on the filter. The presence
of tungsten (representing a low volatile element) entirely in the
large spherical particles and the strong cobalt enrichment of the
small particles proved the theory of particle formation: small par-
ticles, enriched with a more volatile constituent, can be formed by
nucleation and condensation from the vapor, whereas larger par-
ticles rich in lowly volatile elements are ejected from the melted
liquid due to hydrodynamic instability of the surface recoil pressure
from the expanding vapor plume [45-47]. The elemental fraction-
ation during ns ablation of non-matrix-unified powdered tungsten
carbide precursors was identical with the above described Co-
cemented samples. In the case of the matrix-unified samples, the
influence of silver on the particle composition was studied. The par-
ticles were collected on the polycarbonate membrane filter during
the 5 min ablation-time period. The particle structure and compo-
sition were then studied using SEM and EDS, respectively. The SEM
images show, on the first sight, typical structures including single
spherical particles and smaller agglomerates creating fibres and
adhered to the large particle surface (Fig. 3a). With a higher mag-
nification we can observe that the surface of the large spherical
(tungsten) particle is covered by a non-homogenous layer (Fig. 3b).
This is the layer where the agglomerates are bound. The EDS anal-
ysis showed the preferential presence of silver in the layer - the
Ag/W mass ratio increased to the value of 25 from the declared
1.4. This finding clarifies the “destiny” of silver during ablation -
the silver vapor condenses on the tungsten particle surface, which
results from the much higher silver volatility than the volatility of
other sample constituents (Ag melting point is 960 °C, boiling point
is 2212°C).

The EDS analysis did not allow the analysis of other elements
such as Ti, Ta and Nb. On the base of the LA-ICP-MS results
we can presume homogenous distribution of these elements in
smaller particles. The agglomeration with the large tungsten parti-
cles seems to be logical especially for tantalum as an element with
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Fig. 3. The SEM images of laser-generated particles from matrix-unified sample no. 5124 after their collection on a polycarbonate membrane filter; (a) overall view, (b)
detailed view with large spherical particles and surrounding clusters; a square label defines the area analysed by the EDS, the results of the EDS analysis are pasted together

with the declared values.

similar physical properties to tungsten but no dependence of the
analytical results on the particle formation was observed.

3.4. Particle size distribution

Silver condensation on the spherical tungsten particles leads to
the growth of these particles. This fact was proved by the parti-
cle size measurements using the Welas spectrometer. The particle
sizes were measured in the diameter range of 0.25-17 pm for the
sample 3152 pressed in to 4 various pellets with differing amounts
of the silver binder: without any added binder, 33%, 50% and 66%
of the binder in the silver-sample mixture. The particle size dis-
tribution diagrams show changes in particle concentration with
the increasing amount of Ag binder in the pellet (Fig. 4). For those
particles with a diameter smaller than 0.31 wm the difference in
the particle concentration is not significant, but the particles larger
than 0.31 pum in diameter were formed in higher concentrations
from the binder pellets. The dependence of particle concentration
on the amount of added binder is also evident and the largest dif-
ference between the particle distribution diagrams was observed
between the pellet without any binder and the pellet with the high-
est studied amount of added binder (i.e., 66% Ag).

Even if the analytical results of tungsten are surely influenced
by the fractionation caused by the gravitational settling of the par-
ticles in the ablation cell and the transporting tube (because of the
high density of W), the growth in volume of the tungsten particles
caused by the Ag condensation most probably leads to another frac-
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Fig. 4. Particle size distribution of the large particles (0.25-17 pm) for the sample
3152 prepared by pressing different amounts of binder. Histograms are based on a
single measurement.

tionation of laser formed particles inside the ICP. The incomplete
particle vaporization/ionization in the inductively coupled plasma
then results in problems with the tungsten quantitative analysis.
The particle distribution graphs (Fig. 4) show that the concentra-
tion of the particles with a diameter larger than 0.5 pum (which can
be the critical value for the particle vaporization [24,25]) increase
very significantly.

4. Conclusion

The reduction of the “matrix effect” by using a binder for the
pellet preparation of powdered materials was investigated. Five
samples representing Co-tungsten carbide precursors were pre-
pared for ns laser ablation as pressed pellets without any binder and
with the powdered silver serving as the binder and matrix unifier.
The study of particle and ablation crater formation clearly demon-
strated the function of the matrix unifier - the differences between
studied samples in the particle concentration were reduced (RSD
decreased from 46% to 19%) as well as the differences in the volumes
of the ablation craters (the RSD decreased from 36% to 16%). The
effect of the binder utilization on the LA-ICP-MS signals shows an
improvement correlation of different samples in simulated calibra-
tion curve (increasing of the correlation coefficients of the isotope
intensity vs. elemental content in the sample) for all elements of
interest (Co, Ti, Ta, Nb) except W. In order to find a solution for
the deterioration of the tungsten analytical response in the case
of binder pellets, the structure and chemical composition of the
particles formed during the laser ablation was investigated. The
particle size distribution measurements showed an increase in the
number of particles for the size range from 0.31 to 1.2 .um with the
increasing binder content in the pellet. This effect was assigned to
the condensation of vapor enriched by silver as a highly volatile
component on the surface of the larger particles created from the
melted material. It resulted in the production of large tungsten
particles covered with a silver layer which was further proved by
the SEM and the EDS measurements. Because the particle diam-
eter is a critical parameter for the fractionation in the ICP, the
increasing diameter of the silver-covered tungsten particle leads
to their incomplete atomisation and ionization. The important role
plays also the gravitational settling of W particles because of their
extreme high density. Consequently, the W quantification in the
matrix-unified samples is unsatisfactory.

This study shows that matrix unification can be a useful tool for
the LA-ICP-MS quantitative analysis of powdered materials, but it
can also cause changes in the particle formation during the ablation
process leading to fractionation. The matrix unification of the Co-
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tungsten carbide samples using the silver binder markedly reduced
differences in the crater volumes as well as the evenly balanced
concentration of generated particles during the laser ablation of
different samples. On the other hand the matrix unification did not
lead to complex improvement of analytical results. In general, the
choice of the matrix unifier (binder) must therefore be done very
carefully depending on the sample to be analysed and the ablation
conditions.
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The changes in aerosol physical properties were studied by applying Nanoparticle-Enhanced Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (NE-LA-ICP-MS). This approach was compared to
conventional LA-ICP-MS method. Analyte signal enhancement was related to the particle number
concentration of aerosol for three sizes of Au nanoparticles (NPs) applied on the metal sample surface in
the form of droplets. The dependence of the number of generated particles on the laser fluence in the
range from 0.5 to 10 J cm~2 was studied. A different shape of the particle size distribution (PSD) of NE-
LA-ICP-MS and LA-ICP-MS aerosol was determined. The aerosol structure was additionally studied on
filters using scanning electron microscopy (SEM). Compared to LA-ICP-MS, NE-LA-ICP-MS produced
a larger proportion of small particles (<30 nm), and was approaching the ideal monodisperse aerosol that
is evaporated in ICP with a high efficiency. The measurements proved that NPs on the sample surface
could influence the evaporation, condensation and coagulation processes in aerosol formation as well as
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1. Introduction

Searching for relations between laser ablation phenomena and
yielded results of laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) is a very traditional topic.
Although the LA process is reckoned to be “poorly understood”
during the LA-ICP-MS era, numerous studies have been pub-
lished about partial processes that are involved. In general, the
process of laser-matter interactions is influenced by two main
factors - the laser ablation conditions and properties of the
sample itself.”* In addition to the wavelength of the laser, the
pulse duration, fluence, repetition rate and crater size are very
important parameters influencing the results, sensitivity of
analysis and fractionation effects.”
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“Faculty of Mechanical Engineering, Czech Techni
160 00 Prague, Czech Republic

I University of Prague, Zikova 4,

This journal is © The Royal Society of Chemistry 2020

Under the same LA-conditions, different fractions of sizes
and numbers of particles and clusters are launched from
different materials. Matrix effects are observed in ICP* because
the evaporation and atomization efficiency differs for various
types of particles. Achieving a correct analysis is thus not only
the question of appropriate LA-sampling at minimum selective
evaporation during the laser impact, but also of the composi-
tion of partial aerosol fractions. Big micrometer-sized particles
suffer from lower transport efficiency and they cannot be
completely evaporated if delivered to ICP.® Some size fractions
of aerosol particles might be enriched by different elements. It
is typical for the aerosol from brass* but also for widely used
NIST glass standard reference materials.”® Short wavelengths,
the pulse duration down to fs* and He as a carrier gas are
advantageous.*'® The processes behind the ultrashort laser
ablation start with the electronic absorption of the laser beam
in a time scale of 10 ** s and end with the particle ejection from
107 %1

Formation of nanoparticles (NPs) during LA of solid samples
has been studied for a long time."* It was recognized that the
mass of the particle aerosol could increase through the metal
oxidation during aggregation.'” The number of particles may
increase by two orders of magnitude depending on the gas
environment (air vs. Ar); moreover, shorter pulses produce
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smaller particles.”” The set of processes accompanying the
particle creation, nucleation, condensation, and agglomeration
was described theoretically and experimentally demonstrated
on mainly silicate and metallic materials.'® Mass load matrix
effects differing by the material, lasing wavelength, and element
represent another problem. Complexity and entanglement of
the particular matrix effects make their recognition quite diffi-
cult." Direct and easy evaporation of small particles in ICP is
not the only process that leads to higher signals. Ion distribu-
tion and ion beam density are also changed in the plasma
plume* as well as ion extraction and transport to detector.

Any aerosol modification can then lead to a positive or
negative change of the measured element (isotope) signal. It has
been experimentally proved that a restriction of big particles
and a selection of smaller ones from the aerosol lead to
a diminution of elemental fractionation.'® Systematic signal
enhancement would be profitable for any analytical technique.
In the case of LA-ICP-MS, the Limit of Detection (LOD) could be
improved. Moreover, both the integration time for sequential
MS and the time of analysis could be shortened. The required
sample area and ablation spot may be smaller, which means
a lower damage of the sample. As a result, spatial resolution
would be better.

One of the signal enhancement techniques in the field of LA
is enhancement by nanoparticles. This method has been mainly
used in Laser-Induced Breakdown Spectroscopy (LIBS) as
nanoparticle enhanced (NE) LIBS."” NPs are applied onto
a sample surface. The photons of the incident laser beam
polarize NPs and induce elongation of free electron clouds from
equilibrium positions around static ions in the crystal lattice of
NPs. NPs can behave as secondary antennas producing radia-
tion which can locally be very intense, mainly between NPs and
the sample surface. The local field enhancements make LA
more intense, consequently enhancing the measured emission
of the microplasma. In the case of conductive surfaces, appro-
priate NP diameters, distances between NPs and lasing wave-
length surface plasmon resonance might occur and the
enhancement could be orders of magnitude. Non-conductive
samples of NELIBS can be plant leaves'™ or gemstones where
NPs protect the surface from a visible damage at keeping an
intensive analyte emission.

NPs are an intermediator which indirectly delivers the laser
beam energy to the surface under the ablation threshold.*”
NELIBS can be optimized not only by searching for the best NP
size and concentration, fluence/irradiance and gate delay* but
also the ambient low pressure which was shown as a dominant
parameter.* Surface deposited NPs may also be modified by the
incident laser beam. They are rounded, partially evaporated or
they even undergo laser-induced breakdown at irradiances
above 10° W cm 2.7 Although the question of the ablation
mechanism with NPs has been solved,'”** the post-breakdown
aerosol modification is another topic which is, however, out
of the scope of the classical LIBS.

Concerning NE-LA-ICP-MS, there are currently only two
studies.*** The relations among the ablation crater
morphology, aerosol composition, sample material, used NPs
and the fluence during NE-LA-ICP-MS have been shown in our
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recent study.*” The second study presents the effect of NPs on
a wider range of materials including NIST glass and more
deeply explores the role of the NP concentration. The maximum
enhancement is 2 for the glass and about one order of magni-
tude for metallic materials.* The 213 nm laser is the same as in
our study** where the maximum enhancement exceeded 2
orders of magnitude. The difference of observed enhancement
is mainly a result of variation in the NP surface concentration.
The second study also mentions that the enhancement of Ag
presented as a trace element in a pure Cu sample, varies
depending on its concentration; the enhancement grows with
decreasing concentration of Ag. This behaviour differs from
that of NELIBS, where the enhancement is almost independent
of the elemental concentration. This observation supports the
assumption that NP enhancement in LA-ICP-MS cannot be
simply explained by NELIBS theory and the effect of NPs on the
formation, transport and ionisation of aerosol should be
investigated.

The dominant factor influencing the number of big primary
particles is the sample material.? A suggested hypothesis is that
aerosol particles of the metallic target might condense or
aggregate on the NPs which serve as cores. Both the transport
and evaporation efficiency might then increase and more
intense element signals can be measured. In this work, we
would like to show the influence of the NP size and laser fluence
on the measured element signal and aerosol physical
properties.

2. Experimental
2.1 Samples and chemicals

Aluminum alloy AW 2030 was used as a model sample. This
sample was selected on the basis of experience from a previous
study describing the principle of the method.** The composi-
tion was (wWt%) Al (92), Cu (3.9), Pb (1.2), Mg (0.8), Mn (0.6), and
Fe (0.1). The sample surface was carefully polished (FEPA 800,
1000, 4000, diamond pastes 3 and 1 pm, cleaned with IPA) prior
to the application of drops containing nanoparticles (NPs). One
drop corresponded to 5 pl of a water suspension containing
spherical Au NPs and was freely dried in open air on a sample
surface. Typically, the created drop was almost in a circular
shape with a diameter of about 2.7-3 mm. Gold spherical
nanoparticles in three sizes (10, 40 and 100 nm) were selected
(citrate, BBI Solutions, UK) as model NPs. The same mass
concentration was maintained for all sizes (Au ~ 57 pg ml %),
resulting in a different particle number (PN) concentration: 5.7
% 10'? particles per ml for 10 nm NPs, 9 x 10'® particles per ml
for 40 nm NPs and 5.6 x 10° particles per ml for 100 nm NPs.
For more detailed information on the sample preparation see
ref. 22.

2.2 Instrumental equipment and operating conditions

All experiments were performed with an LA-ICP-MS system
consisting of an LSX-213 G2+ laser ablation device (Teledyne
Cetac Technologies, USA) and Agilent 7900 ICP-MS analyser
(Agilent Technologies, Japan). The LA system operates at

This journal is © The Royal Society of Chemistry 2020

170



Published on 25 September 2020. Downloaded by Masarykova Univerzita V Brne on 7/18/2023 9:01:21 AM.

Paper

a wavelength of 213 nm with a pulse duration of ~4 ns using
helium as a carrier gas with a 2-volume ablation cell (HelEx). An
ablation spot of 100 pm diameter was used to ensure the exis-
tence of a sufficient isotopic signal and a representative area
containing NPs on the sample surface.

Aline scan was performed, with an ablation speed of 0.5 mm
stata repetition rate of 5 Hz, i.e., a chain of adjacent 100 um
ablation spots was produced. In the case of the clean sample
surface measurements, line scans outside the droplet area were
performed. In the case of the experiments with NPs, line scans
were positioned only inside the area of the droplets. Fluences in
the range of 0.5-10 ] cm ™~ were applied. The ICP-MS system was
a quadrupole analyser with an octopole reaction cell. This
instrument was operated at a forwarded power of 1550 W, Ar gas
flow rates of 15 (outer plasma gas) and 0.7 (auxiliary) 1 min*,
a He carrier flow rate of 0.8 I min ™', and an Ar makeup gas flow
rate of 0.6 1 min ™" (for LA-ICP-MS set-up) or 1.6 | min ™" (for the
LA-aerosol spectrometer set-up). The ablated material was
transported through a FEP (Fluorinated Ethylene Propylene)
tube (i.d. 2 mm, length 1 m) to the ICP-MS system. Five
measured isotopes were selected to represent the sample: >’Al
for the matrix element, *’Fe, ®*Cu, **Mg, and >°*Pb as minor
elements and '*’Au representing nanoparticles. The total inte-
gration time per all isotopes was adjusted to 0.225 s (0.05 per
minor and 0.005 per major).

The aerosol generated by laser ablation of non-overlapping
spots was alternately sampled into either an ICP-MS instru-
ment or aerosol spectrometers in two arrangements (see Fig. 1):
classical set-up LA-ICP-MS or LA - Engine Exhaust Particle Sizer
(EEPS) + Condensation Particle Counter (CPC) as described
below. The separate sampling into the set of aerosol spec-
trometers and ICP-MS was selected to avoid unwanted negative
effects of common sampling in many instruments at the same
time. The reproducibility of results was verified by repeated
experiments resulting in similar results obtained by ICP-MS and
aerosol spectrometers. Moreover, in order to minimize the
effects of changing conditions within one droplet containing Au
nanoparticles, the sampling into aerosol spectrometers and
ICP-MS was performed in the alternating pattern of odd (aerosol
spectrometers) and even (ICP-MS) lines of one drop.

The change of the sampling method between ICP MS and
aerosol spectrometers was carried out after measuring all

(a) Ar
He 0.6 1 min** )
L B 1CP-MS
YA [atmnt 141 it

(b) 1.5 1 min?
Ar

He
L - 161wt Neutralizer **Kr
: Dl
| LA 2.4 I min?

| 0.8 | min"*
~8.9 | min*
[ HEPA | Dilution
clean air EEPS

(6.3 1 min* HEPA)

9.8 1 min*

Fig. 1 Measurement setup: (a) LA-ICP-MS, and (b) LA with CPC and
EEPS.
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Fig.2 An overview SEM image of the layout of line scans on a droplet
after laser ablation.

fluences of the respective nanoparticle size for the respective
sampling method. The results of measurements of both ICP-MS
and aerosol spectrometers were averaged over 30 s - the dura-
tion of one cycle over the droplet. Each cycle was repeated 3
times (one cycle = one droplet). The averaging over the whole
scan and the repetition of the experiment should minimize the
influence of the possible inhomogeneous distribution of NPs on
the sample caused by the coffee stain effect and corresponded
to the mapping of almost the entire surface of the droplet. The
resulting data consisted of the elemental composition obtained
from ICP-MS supplemented by the total particle number
concentration (CPC) and particle size distribution of nano-
particles <560 nm (EEPS) from identical NP drops under the
same LA setup. For a detailed scheme of the performed line
scans on a droplet see Fig. 2.

The size distribution of aerosol particles and the total
number concentration was measured in the following setup: the
flow of the carrier gas with aerosol particles produced by LA was
first led through a bipolar aerosol neutralizer (**Kr, 10 mCi) in
order to prevent excessive losses of particles due to the elec-
trostatic deposition on the sampling lines and in order to
ensure a correct charge distribution for the aerosol spectrom-
eters. After neutralization, the aerosol was diluted with HEPA
(High-Efficiency Particulate Air) filtered air to lower the high
aerosol concentration and to maintain a sufficient flow into the
aerosol spectrometers. The diluted aerosol was then split using
an isokinetic flow splitter in order to ensure representative
aerosol sampling into used aerosol spectrometers.

The setup of aerosol spectrometers (see Fig. 1) contained
a CPC (CPC 3775, TSI) and EEPS (EEPS 3090, TSI). The CPC was
used to count the total number of particles >4 nm (ds, = 4 nm)
with a high time resolution (1 s). The EEPS allows for fast
measurements (0.1 s) of the particle number size distribution in
the range of 5.6-560 nm resolved in 32 size channels. The
individual aerosol spectrometers require specific gas flows as
shown in Fig. 1. Aerosol dilution was performed with air
cleaned through a HEPA filter. Furthermore, the shape and
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structure of laser-generated particles were studied after their
collection on a polycarbonate membrane filter (25 mm in
diameter and 0.2 pm pores, Cyclopore, Whatman) using scan-
ning electron microscopy (SEM; Mira 3, Tescan Orsay Holding,
Tescan Brno, Czech Republic; 10 kV, backscattered electron
mode). To obtain a sufficient amount of particles, the samples
were completely covered with contacting drops, and ablation
proceeded over the entire area of the sample line by line for 30
minutes. To achieve a better visualization and to prevent
charging, the filters were covered with a 10 nm silver layer.

3. Results and discussion

In order to understand more deeply the phenomena of
nanoparticle-enhanced LA, obtaining detailed knowledge of the
generated aerosol is one of the most important tasks. Experi-
ments were performed as a comparative study for laser ablation
of a clean sample (common LA) and NE-LA of a sample surface
covered with Au nanoparticles of three different sizes (10, 40
and 100 nm). These sizes were selected also with respect to
recently published NELIBS results where the size effect of NPs
on the laser-matter interaction was reported. For the spot size
of 100 pm in diameter, LIBS signal enhancement was observed
only for nanoparticles smaller than 50 nm.* Fluences in the
range of 0.5-10 ] cm ™~ * were applied.

The basic information is the total particle number concen-
tration (PNC), measured using a CPC in the range from 4 nm to
>3 um in our study. The results show different trends in PNC
dependences on the used laser fluence. Theoretically, it can be
assumed that increasing the fluence increases linearly the
ablation rate.** A larger ablation rate means the release of
a larger volume of material. Postulating that the ablation
process does not change, there should also be a proportional
increase in the number of particles. But this statement is
usually only valid for low laser fluences (up to 10 J em™2). The
models show that especially at higher fluences the increase in
the ablation rate and loose matter is not linear and the shape of
the curve depends on the physical properties of the ablated
material. Individual materials will have different surface
temperatures during ablation. This results in varying thickness
of the melt layer on the surface and the evaporation of the
material will be different. The thicker melt layer also causes
larger particle formation due to hydrodynamic sputtering.

For our range of fluences (0.5-10 ] em™2), it has been shown
that by applying nanoparticles to the sample surface, we change
its properties to such an extent that this is also reflected in the
graph shape of the total number of particles versus fluence.
Although we are aware that the number of particles does not
exactly match the total mass released, this information points to
a different process of aerosol formation for LA and NE-LA.
While the PNC produced from the clean sample surface
increases proportionally with increasing laser fluence (Fig. 3,
full squares), the surfaces covered with NPs provide an increase
in particle production only at lower fluence rates.

The PNC remains more or less constant from the value of 5 ]
em™?, as shown in Fig. 3. The CPC results proved a higher
particle production in the case of NE-LA compared to common
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Fig.3 Dependence of the PNC on the laser fluence for a clean surface
and surface covered with: 10 nm Au, 40 nm Au, 100 nm Au NPs.

LA, most effective for 10 nm Au NPs where the total PNC
increased more than ten times depending on the used fluence.

Each CPC measurement corresponds to LA-ICP-MS results
(the same drop) for a group of measured isotopes. For better
clarity, selected isotopes are presented in separate graphs for
three values of fluence representing the steep part of the curve
from Fig. 3 (1, 3 and 5] cm ). It is possible to compare the PNC
(Fig. 4a), LA-ICP-MS signal of gold (Fig. 4b) and LA-ICP-MS
signal of analytes (Fig. 4c-f). In the first approximation, it is
obvious that the presence of NPs on the sample surface is the
cause of aerosol formation with a rather large number of
particles. On the other hand, a large particle number does not
automatically implicate a high signal amplification for all
elements. The highest particle production for 10 nm NPs is
related to a significant enhancement of Pb and Mg while the Al
and Fe enhancements work better with 40 nm NPs. Copper did
not show any signal amplification, and therefore it is not shown
in the graph. In our previous study copper showed certain signal
enhancement but rather lower fluencies and Ag NPs were
used.?? The low or no signal enhancement apparently correlates
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Fig. 4 Total particle number concentration (a), ICP-MS intensities for
97Au (b), 2°Mg (c), 2°8Pb (d), 27Al (e), and Fe (f), for clean sample and
sample covered with Au nanoparticles (10, 40 and 100 nm).
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with high solubility of copper and iron in gold.>® Besides, the
selectivity enhancement is also associated with the physical
characteristics of the individual elements. Mg and Pb represent
the most volatile parts of the sample (with boiling points of the
macroscopic material being 1091 °C and 1749 °C respectively)
compared to other components (2519 °C for Al and 2861 °C for
Fe). Assuming that the mechanism of the laser interaction with
the sample and also the subsequent particle condensation are
different in the presence of NPs compared to standard LA, the
volatility of the individual components is likely to play a role as
well. During NE-LA, it is assumed that the Au NPs are either
vaporized together with the sample and the vapours then
condense together in the nanoparticles, or only a partial evap-
oration occurs and can then serve as condensation nuclei for
the surrounding sample vapours.

The principle of the signal enhancement still remains
unclear. However, the measurements proved production of
a higher number of particles in the presence of NPs. This can be
caused by more effective energy transfer from the laser beam to
the sample surface, altered condensation conditions of the
particles (other vapor compositions and the possibility of the
presence of desorbed Au NPs). The results of the experiments
can be compared with the studies of NELIBS,"” where similar
consequences of the presence of nanoparticles on the sample
surface were observed. When the laser interacts with NPs on the
sample surface, the collective oscillation of electrons is excited
in the NPs. This results in the enhancement of the electro-
magnetic field that is the strongest in the gaps between close
NPs (gaps are smaller than the particle diameter). When NPs are
deposited on a metallic surface, this laser field enhancement
can switch the production of seed electrons from a typical
multiphoton ionization to a field emission. In this way, the gaps
between close NPs work as ignition points of plasma. Even if the
system is not in the plasmon resonance, the locally enhanced
electric field facilitates the escape of the electrons from the
surface.” Assuming the described NELIBS processes in NE-LA,
we can expect changes in the laser-sample interaction, micro-
plasma dynamics as well as in particle production compared to
classical LA. This can result in ablation of larger mass of
material or the formation of aerosol with different particle size
distributions (discussed below), or a combination of both.
Moreover, to a certain extent, it will be true that more nano-
particles mean a higher rate of the described process. The
higher the surface concentration of NPs, the higher the number
of ignition points, which implies a higher PNC in the end of
process. Therefore, we obtained the highest PNC for 10 nm NPs,
where the surface concentration of NPs is the highest (Fig. 4a).
The question of whether more mass is released using NE-LA has
been partially discussed in the previous study.*” The measure-
ments of the ablation crater depths did not confirm the
removing of more material in the case of NE-LA. However,
estimating the released material only from the volume of the
ablation crater can be misleading. The melted bottom changes
its density, so the conversion of volume is inaccurate. It was also
shown in the study of ablation craters that the rate of thermal
effects was higher for LA compared to NE-LA.>* So part of the
material from classical LA is splashed around the ablation
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crater and does not participate in the analytical signal of ICP-
MS. Since each element responds differently to NE-LA, it is
clear that the effect of NE-LA will not only be due to a possible
increase in the mass transported to the plasma but also more
importantly the change in the dynamics of the process of
aerosol formation, which is then more efficiently transported,
evaporated and ionized in ICP-MS.

Fig. 4b points to an interesting phenomenon. Although the
Au mass concentration in all droplets is the same regardless of
the size of the NPs, the LA-ICP-MS signal for Au is higher for
larger nanoparticles. From this relation we can deduce that not
all Au NPs are removed from the sample surface by the one
pulse ablation. To verify this assumption, the SEM photos of the
ablation crater surface were recorded. Fig. 5 shows images for
the 40 nm NP sample surface before (Fig. 5a) and after (Fig. 5b)
one shot ablation using a fluence of 3 ] cm ™. Fig. 5b shows NPs
on the crater bottom (visible as contrasting white dots). It
should be noted that it was not possible to record pictures
exactly from the same spot before and after NE-LA, so the
photos are only illustrative that after NE-LA some particles are
still on the surface unchanged. Re-ablation measurements of
the sample surface confirmed that the mass of the remaining
nanoparticles is less than 15%. Thus, particle numbers in Fig. 5
cannot be taken as a measure of their loss.

The information about the particle size distribution (PSD)
was obtained using an EEPS within the size range of 5.6-
560 nm. Fig. 6 shows the average PSD of 60 s laser ablation as
complementary data to Fig. 4. In order to accurately compare
the PSD shape for different NP sizes on sample surfaces, the
curves for the same fluences are presented in the same graph
after their normalization on the total number of particles.

Focusing on NE-LA, it has been found that the different sizes
of NPs have only a minimal effect on the PSD shape. This is
shown by a significant peak at about 15 nm that represents
primary condensed nanoparticles (see first maximum at
Fig. 6a). The rest of the PSD curve does not exhibit any distinct
peak (>30 nm) for all Au NP diameters. Moreover, no visible
peak at the position of original NP sizes can be found on the
curves. The shape of the PSD curves, and the position of the
main peak support the theory that an addition of Au NPs on the
sample surface enhances the sample evaporation. At the same
time, NPs themselves are released intact in a very small number
and/or the NPs also evaporate and subsequently condense to
form new particles with the same mechanism to the
compounds of the original sample. Moreover, if the Au NPs are

Fig.5 Sample surface of a 40 nm Au NP droplet before (a) and after (b)
NE-LA-ICP-MS.
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Fig. 6 Particle size distribution (5.6-560 nm, arbitrary concentration
units) of LA and NE-LA aerosol using different sizes of nanoparticles for
fluences 1 J cm~2 (a) and 3 J cm~2 (b).

released intact from the sample surface, they represent only
a small fraction compared to the amount of new particles
formed by condensation of vapours.

Thus the peak of the original Au NPs is negligible in the PSD
for all studied Au NP sizes. Specifically, the maximum number
of 10 nm NPs from the crater area results from the known
amount of NPs in the pipetted volume per area unit. A 100 pm
crater makes 3.17 x 107 NPs. The total number of measured
particles from the CPC is 3.2 x 107 NPs per pulse for a density of
7.5 x 10° cm ™ (Fig. 3) of 10 nm NPs and a fluence of 3 ] cm™2.
The number of 10 nm NPs in the crater area is anyway
comparable with the total measured number of the aerosol
particles and no specific maxima are observed in the yielded
PSD (Fig. 6) except for 10-20 nm.

This maximum, however, gives evidence on the increased
total amount of the small particles at the expense of the bigger
ones. Most of the NPs must be re-melted and incorporated into
the newly formed particles during the ablation and condensa-
tion process. The total numbers of particles are much higher
compared to the numbers of 40 and 100 nm. In principle, large
NPs cannot substantially increase the corresponding size of the
PSD by direct rejection from the surface.

On the other hand, the difference between the PSD of the
aerosol generated by NE-LA and LA is clear. For LA we have
a typical bimodal PSD shape with a small peak at the very
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beginning of the PSD that was already shown**” for nanosecond
LA of polished surfaces of solid samples. Particles peaking at
10 nm represent the smallest primary particles produced by
evaporation and following condensation of the material
released during laser ablation. The second peak shows the
primary particles with condensed vapours growing the particles
to larger sizes (for higher fluence 3 ] cm ™2 more vapours are
available, so the second peak is shifted towards larger particle
sizes compared to lower fluence 1 J cm™?). Particles >30 nm are
most probably a product of coagulation/agglomeration of
primary nanoparticles together with particles originating from
the droplet solidification (the sample heats up and easily
creates a pool of melted components, which may result in
splashes of the melt). This means that the last maximum of PSD
(>100 nm) is dependent on the degree of sample melting; in our
case a higher fluence means higher sample melting and
a greater tendency to form larger particles (comparing Fig. 6a
and b - full line). Applying NPs on the sample surface causes
a decrease of the magnitude of the particle mode >100 nm. The
presence of Au NPs promotes a different energy transfer of the
laser beam to the sample compared to conventional LA result-
ing in a higher production of primary particles at the expense of
larger particles formed by thermal effects.

A different agglomeration process for NE-LA and LA is also
possible. All effects lead to aerosol size unification towards
smaller particles if NE-LA is introduced. The aerosol structures
were additionally studied by SEM. Particles from LA and NE-LA
were collected on membrane filters for 30 minutes using a laser
fluence of 3 J cm 2. Nanoparticles that are formed from a clean
sample surface create a typical picture - chain structure
together with large spheres* (Fig. 7a). NE-LA also produces

Fig. 7 SEM images of aerosol particles captured on the filter at a flu-
ence of 3J cm~2 - clean surface (a and b), 100 nm NPs on the surface
(c and d), and 40 nm NPs on the surface (e and f).
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a chain structure but with visible Au NPs in the structure, with
the large spheres almost missing. The gold NPs can be distin-
guished from the other material using SEM by material contrast
and our photographs display them as white dots. The size of Au
NPs corresponds to their original size of 100 nm in Fig. 7b and
40 nm in Fig. 7c (the filter pores have a diameter of 200 nm).

This means that some of the Au NPs can “survive” the laser
ablation process in their original form by direct release from the
surface without any evaporation and without any following
condensation process. However, the quantity is very small in
comparison with other populations of particles, and therefore
not visible in the distribution graph (Fig. 6) as a separate peak.
Another fact is that there is no layer of smaller particles on their
surface and it is therefore very likely that they did not partici-
pate in the condensation of the ablated material. The explana-
tion may be that they admixed to already condensed vapours in
the later phase of ablation by the pressure wave. It is also
possible that these particles were not directly affected by the
laser, but they only were lying in the peripheral circle close to
the impact of the laser pulse to the surface. We can expect that
some of the Au NPs directly ablated by the laser pulse are
evaporated together with the sample matter and are incorpo-
rated into the structure of the condensed material particles. If
the evaporation of Au NPs is not complete, vapour condensation
will occur on the remainder of the NPs leading to larger struc-
tures with the composition of the Au core + condensed enve-
lope. However, a significant proportion of Au NPs is not
involved in the aerosol formation process because it remains
lying on the surface, as mentioned earlier (Fig. 5). The SEM
investigation of the collected particles proved also a more
significant reduction of the splashed material (hydrodynamic
sputtering) from the surface if using NE-LA, compared to LA.
Almost no large spheres (products of splashed melt) were
present on the filters as shown in Fig. 7b and c. This supports an
observation previously documented in the investigation of
ablation craters® i.e. thermal effects commonly present during
ns LA may be significantly reduced by NE-LA.

4. Conclusions

This study characterizes the aerosol produced by two methods,
NE-LA and conventional LA, and would contribute to further
understanding of the NE-LA mechanism. The total number of
generated particles (>4 nm) measured using the CPC was
monitored for LA and NE-LA using three sizes of Au NPs (10, 40
and 100 nm) under fluences ranging from 0.5 to 10 J cm 2.
While in LA the number of particles increased in proportion to
the used fluence, in the case of NE-LA, it only increased to 5 |
em 2, then a saturation occurred and the effect of NPs was no
longer intensified. Nevertheless, the presence of NPs on the
ablated surface increases the number of generated particles
substantially compared to the clean surface. The highest
number of particles was generated using 10 nm Au NPs, where
the increase in the PNC compared to the clean surface was up to
20 times. The origin of this behaviour most likely comes from
the plasmon properties of NPs and their influence on LA, as
described previously in the NE-LIBS publication.”” The gaps
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between close NPs work as ignition points of plasma, and in this
way whole plasma dynamics changed. To a certain extent, more
NPs cause a higher rate of the described process. In our
observations it also means more particles in produced aerosol.
This can be due to the formation of smaller particles at the
expense of larger ones resulting in more efficient transport,
evaporation and ionization in ICP. The presence of NPs on the
sample surface can also change the optical properties of the
surface and thus increase the energy transfer of the laser. This
additional energy then results in more efficient ablation of the
surface. This increased mass production can also contribute to
the enhancement but it has not been proven from the crater
volume estimation. It will be necessary to use an accurate
method to verify this, for example gravimetry. Most likely
a combination of both the different aerosol structure and
higher effective mass production will play a role. Although SEM
pictures demonstrated that a small portion of Au NPs survived
and remained unchanged after NE-LA, no increase in the PNC
in the size mode corresponding to the original nanoparticle size
was observed in PSD graphs. This suggests that Au NPs do not
occur alone in the aerosol, but only as a part of the agglomerates
or as a part of newly formed particles formed by evaporation
followed by condensation. Most likely they form cluster centres
and contribute to the vapor condensation of the ablated mate-
rial. The shape of the PSD remained almost the same for
different NP sizes. The difference in the PSD was obvious only
when comparing a clean surface and a surface with the presence
of nanoparticles. The NE-LA-ICP-MS method produced a larger
proportion of small particles (<30 nm) at the expense of parti-
cles with a diameter around 100 nm and larger. The first reason
could be explained by a different clustering mechanism for both
methods. The second reason is a reduction of sample melting
during NE-LA which leads to a reduced formation of large
spherical particles formed directly by solidification of the
sprayed sample melt (hydrodynamic sputtering). Suppression
of sample melting has been already observed during studies of
the NE-LA craters.” This has been confirmed by a current study
of aerosol collected on filters. SEM observations proved
areduced number of large spherical particles in the case of NE-
LA. The effect of nanoparticle-enhancement on ICP-MS signals
is partly dependent on the physical properties of the analyte.
The signal enhancement in relation to the boiling points of the
individual components was compared. The highest enhance-
ment was obtained for Pb (macroscopic b.p. 1749 °C) and Mg
(b.p. 1090 °C) using 10 nm Au, which was also associated with
the largest particle production. However, for less volatile
components such as Al (b.p. 2519 °C) or Fe (b.p. 2861 °C), the
enhancement effect was greatest in the case of 40 nm particles.
The boiling point, however, certainly will not be the only indi-
cator of the enhancement rate. In the case of copper, signal
enhancement was not observed although it should be classified
as Al and Fe with its boiling point of 2562 °C. Other circum-
stances, such as the miscibility of the particular metal with Au,*
the structure of the material and the melt composition formed
on the surface of the sample when interacting with the nano-
second laser pulse will also play a role.>**¢ The clear result of
experiments is that while using the NE-LA-ICP-MS method,
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a larger proportion of small particles (<30 nm) is produced
(compared to conventional LA-ICP-MS). This is approaching the
ideal monodisperse aerosol that can provide a highly efficient
evaporation in ICP. This knowledge could serve as the basis for
further research that might eventually lead to a strategy that
would correct unwanted fractionation effects in LA.
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