
���������������	�
�	��

���
���
�	���
�����
����������������������
���������
���
�����
�����������
���������
�������������������
�
�	���������������
���
�	�
���
��������
���
���
�	���
�����
�����������
�����
�������
���������	�
�������	�


���������������	���
�����
���


���������������
����
��������� �����
�������!���������"

�������	��������������������������
�#�$�$�%

���������������������	��������
�����������&�'�'�������(���	���'�����������&�'�'�������(���	���'�)�$�(�*�+�#�+�'�
�����,���
���$�$�%�$�-�#�.�/�*

�����������
�������	���������
����
���������������	���������������0���������������
�	�1���
�����2���
�����
�	���������
��

�������������
���
���3�
�������
���
�	�
���
�����
���������
�����1�
�����������������������3�������
�����"�	�����������
�����������4���	���1�����!�
���
�
�	�1�������������
�1���������(
�����	�������	�
�������"���	���
��������� �������
�
���
���1�������������������
�����
�	���������"�������
�(

https://doi.org/https://doi.org/10.3929/ethz-a-005062743
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


DISS. ETH No. 16198

Laser Ablation ICP-MS:

Fundamental investigations on aerosols

generated by laser ablation at ambient

pressure

A dissertation submitted to the

SWISS FEDERALINSTITUTE OF TECHNOLOGYZURICH

for the degree of

Doctor of Natural Sciences

presented by

HANS-RUDOLFKUHN

Dipl. Chem., ETH Zurich

born 19.08.1976

citizen of Meilen (ZH) and Pfäffikon (ZH)

accepted on the recommendation of

Prof. D. Günther, examiner

PD. S. E. Jackson, co-examiner

PD T. Lippert, co-examiner

2005



2



3

Danksagung (Acknowledgement)

Die interessante und lehrreiche Zeit der Dissertation an der ETH Zürich geht mit

dieser Arbeit zu Ende. Die ganze Zeit wurde geprägt durch viele persönliche Kon¬

takte, ohne die der erfolgreiche Abschluss der Arbeit nicht möglich gewesen wäre.

Zuerst möchte ich natürlich Prof. Detlef Günther danken, der die Arbeit erst

ermöglicht hat. Durch sein kritisches Hinterfragen meiner Ergebnisse und seine

motivierende Art hat er mir immer wieder neue Impulse verliehen. Sehr viel zum

Gelingen der Arbeit hat auch die ganze Arbeitsgruppe beigetragen. Viele hilf¬

reiche Tipps und Diskussionen haben die Arbeit immer wieder weitergebracht.

Speziell erwähnen möchte ich an dieser Stelle auch die sehr gute Zusammenarbeit

mit Marcel Guillong, welcher meiner Dissertation einen guten Start ermöglicht

hat.

Eine Reihe von Leuten ausserhalb der Arbeitsgruppe hat den Zugang zu modernen

Geräten ermöglicht. Besonders Bedanken möchte ich mich bei Ralf Kägi (EMPA

Dübendorf) und Frank Krumeich (Gruppe Prof. R. Nesper, ETH Zürich) für

den unkomplizierten Zugang zu Elektronenmikroskopen. Bei Partikelmessungen

wurde ich von Markus Kalberer (Gruppe Prof. R. Zenobi, ETH Zürich), Joachim

Koch und Roland Hergenröder (ISAS Dortmund) unterstützt.

Bei der ETH Zürich bedanke ich mich für die Bereitstellung der grosszügigen

Infrastruktur und beim Schweizerischen Nationalfonds für die finanzielle Unter¬

stützung der Arbeit.

Schlussendlich bedanke ich mich ganz besonders bei meiner Frau Nadine für alle

Unterstützung und für das Verständnis bei längeren Abwesenheiten.



4



5

Contents

Danksagung (Acknowledgement) 3

Abstract 7

Zusammenfassung 9

Publications and presentations 11

1 Introduction 13

1.1 Inductively coupled plasma mass spectrometry 13

1.2 Laser ablation as a sample introduction technique for ICP-MS
...

17

1.3 Calibration strategies in LA-ICP-MS 19

1.4 Elemental fractionation (EF) 22

1.5 Aim of the study 25

2 Instrumentation 27

2.1 ICP-MS Instruments 27

2.2 Laser ablation systems 28

2.3 Particle size measurement instrumentation 30

2.4 Aerosol dilution 33

2.5 Sample digestion 35

3 Aerosol structure and particle measurements 37

3.1 Introduction 37

3.2 The aerosol structure after ns - laser impact 42

3.3 Measuring particle size distributions of laser - generated aerosols
.

53

3.4 Description of a particle separation device 67

3.5 Evaluation of a diffusion battery for laser - generated aerosols
...

77

3.6 Summary 81



6

4 Particle size related elemental composition - Impact on ICP-MS

intensities 83

4.1 Introduction 83

4.2 Elemental fractionation studies on laser generated brass aerosols
.

87

4.3 Particle-size dependent elemental composition studies on filter -

collected and online measured aerosols from glass 102

4.4 Size-related vaporization and ionization of particles in the ICP-MS 118

4.5 Summary 129

5 Evaluation of a particle volume based quantification strategy for

LA-ICP-MS 131

5.1 Theoretical considerations 131

5.2 Experimental, results and discussion 133

5.3 Conclusions 138

6 Conclusions and Outlook 141

6.1 Conclusions 141

6.2 Outlook 142

7 Appendix 145

List of abbreviations 145

Bibliography 147

Curriculum vitae 170

CONTENTS



7

Abstract

Laser ablation ICP-MS is a widely used analytical technique for spatially resolved

analysis of major, minor, trace- and ultra-trace element concentrations in solids.

The goal of this study was to evaluate a novel quantification strategy for LA-

ICP-MS based on the transported aerosol particle volume. Today, the commonly

employed calibration strategy requires an external standard reference material to¬

gether with an internal standard element. Internal standardization corrects for

variations in sample transport efficiency and ablation rate, which depends on the

laser energy and the sample matrix. However, finding an internal standard is a

difficult task for completely unknown or heterogeneous samples. The use of alter¬

native techniques such as electron microprobe to determine an internal standard

concentration is required to obtain quantitative results in LA-ICP-MS.

A quantification strategy based on the transported particle volume requires an

accurate technique to size-classify the aerosol particles. For particle size measure¬

ments, the particle structures and their agglomeration state is of great importance.

Further questions are the particle vaporization and ionization efficiency in the ICP

and whether all particles are similar in their stoichiometry or if small and large

particles show compositional differences. Therefore, a particle separation device

was developed to collect well-separated particle size fractions (as small as 125 nm

particle diameter) of an aerosol. The most effective technique was found to be a

relatively simple device based on the acceleration of the aerosol and the separation

of large particles by centrifugal forces.

The separation of large particles from a brass aerosol led to the result that large

aerosol particles are significantly enriched in the less volatile element (Cu). Fur¬

thermore, it was shown that the ICP is not capable of fully vaporizing and ionizing

these large, Cu enriched particles. The consequences are elemental fractionation

effects measured in the MS. This indicates that elemental fractionation is a su¬

perposition of a particle size related fractionation effect caused by the laser and

incomplete vaporization and ionization of the aerosol particles in the ICP. A sim¬

ilar effect was measured for major and trace elements in glass samples, where

concentration ratios of certain elements deviate by up to 90 % for small parti¬

cles (<125 nm) relative to the total aerosol. The conclusion is that whenever an

aerosol contains a large variety of different sized particles, elemental fractionation

between different particle size fractions occurs.

Since the MS measures ionized species exclusively, the vaporization and ioniza-
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tion size limit of aerosol particles in the ICP is a critical parameter for particle

volume based standardization. Large particles are lost in the ICP and should not

be considered in the particle volume used to replace the internal standard ele¬

ment. Studies on laser-generated glass particles indicated that particles as small

as 150 nm are not ionized fully in the ICP. Smaller particles can be vaporized and

ionized completely.

Investigations on aerosol particles generated by laser impact indicated that a large

portion of the aerosol consists of condensed particles in the 10 nm size range. How¬

ever, these particles are transported as agglomerates that are up to 2 /an in size,

and the shape of the agglomerates strongly depends on the sample matrix. To¬

gether with the vapor, various amounts of spherical particles up to a few /an in

size are generated during laser ablation, depending on the ablation conditions used

and the ablated sample. The presence of both agglomerates and spherical particles

in one aerosol makes high demands on the particle measurement technique, since

none of the available techniques can distinguish between the two types of particles.

Three different techniques were evaluated for the measurement of laser-generated

aerosols. It was shown that particle impaction classifies the agglomerates to be

close to their primary particle diameter, while by differential mobility analysis

(DMA) agglomerates are classified to be about 10 times larger. Particle diameters

measured by light scattering are close to the volume equivalent particle diameters.

Spherical particles are classified at their physical diameters by all techniques be¬

cause the initial calibration is performed with these particles.

The fundamental knowledge gained from the extended aerosol studies allowed the

evaluation of a standardization strategy based on the total transported particle

volume. It was shown that for one sample, different commonly used ablation spot

sizes can be corrected by measuring the particle volume. Under certain condi¬

tions, correction factors for internal standardization and volume standardization

deviated by less than 10 % for various glasses with different absorptivities. It

was also shown that the technique is not applicable for metal samples when using

non-metal external standard reference materials.

The results of this work indicate that the measured aerosol particle volume can

be used for certain samples instead of internal standardization. However, inter¬

nal standardization still leads to more precise results and further developments in

particle size measurement and the understanding of ICP-excitation mechanisms

are required.
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Zusammenfassung

Laser Ablation ICP-MS ist eine häufig genutzte Technik zur Analyse von Haupt-,

Neben-, Spuren- und Ultraspurenelementen in Festkörpern.

Das Ziel dieser Studie war die Evaluation einer neuartigen Quantifizierungsstrate¬

gie für LA-ICP-MS, welche auf dem transportieren Partikelvolumen basiert. Die

heutzutage gebräuchlichste Strategie zur absoluten Quantifizierung benötigt einen

externen Kalibrationsstandard in Kombination mit einem internen Standardele¬

ment. Die interne Standardisierung korrigiert dabei für Variationen beim Proben¬

abtrag und Aerosoltransport. Die Bestimmung eines internen Standards kann

besonders für unbekannte oder inhomogene Proben Probleme bereiten. Zur Be¬

stimmung der Konzentration eines internen Standardelementes, welches für die

Konzentrationsbestimmung benötigt wird, können Alternativmethoden wie z.B.

die Röntgenfluoreszenz hinzugezogen werden.

Die wichtigste Voraussetzung für eine auf dem transportierten Partikelvolumen

basierenden Quantifikationsstrategie ist eine verlässliche Grössenbestimmung der

Aerosolpartikel. Hierzu ist vor allem die Kenntnis über die Struktur der Partikel

und eine eventuelle Partikelagglomeration von Interesse. Weitere Fragen betreffen

die Verdampfungs- und Ionisationseffizienz von Partikeln im induktiv gekoppelten

Plasma, aber auch die Stöchiometrie der Partikel in Abhängigkeit vom Partikel¬

durchmesser. Deshalb wurde ein Gerät entwickelt, welches Partikel >125 nm se¬

lektiv vom Aerosol abtrennen kann. Dabei werden die Aerosole zuerst beschleunigt

und danach die grossen Partikel durch Zentrifugalkräfte selektiv abgeschieden.

Basierend auf der selektiven Separation von grossen Aerosolpartikeln konnte ge¬

zeigt werden, dass grosse Messingpartikel (im /xm-Bereich) stark mit Kupfer an¬

gereichert sind. Zusätzlich konnte gezeigt werden, dass diese grossen Partikel nur

unvollständig im ICP ionisiert werden. Diese Fraktionierungseffekte werden da¬

rauf im Massenspektrometer gemessen. Daraus erklärt sich, dass die gemessene

Fraktionierung eine Überlagerung von partikelgrössen-abhängiger Fraktionierung

(vom Laser verursacht) und unvollständiger Ionisation der grossen Partikel im

ICP ist. Ein vergleichbarer Effekt konnte auch für Glasproben nachgewiesen wer¬

den, wo einzelne Elemente in kleinen Partikeln (<125 nm) um bis zu 90 %vom

Gehalt in der ablatierten Probe abwichen. Daraus folgt, dass bei allen Aerosolen

mit einer breiten Partikelgrössenverteilung eine grössenabhängige Elementfrak-

tionierung zwischen den Partikeln erwartet werden muss.

Da in einem Massenspektrometer nur ionisierte Spezies gemessen werden können,
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ist die Bestimmung der Partikelgrösse, welche im ICP gerade noch verdampft

und ionisiert werden kann, sehr wichtig. Dies gilt insbesondere dann, wenn das

Partikelvolumen für die Standardisierung verwendet werden soll. Grosse Aerosol¬

partikel sollten demnach für eine volumenbasierte Standardisierung nicht mit ein¬

berechnet werden. Untersuchungen an Glaspartikeln zeigten, dass Partikel grösser

als etwa 150 nm nicht vollständig verdampft und ionisiert werden.

Studien an Laser-generierten Aerosolen zeigten, dass ein Grossteil der Aerosolpar¬

tikel aus rund 10 nmgrossen Nanopartikeln besteht. Diese Partikel, welche aus der

Gasphase auskondensiert sind, bilden Agglomerate mit bis zu 2 /an Durchmesser.

Die Form der Agglomerate ist stark von der Probenmatrix abhängig. Zusätzlich

zu den Agglomeraten werden auch noch sphärische /xm-Partikel transportiert. Der

Anteil dieser Partikel am Gesamtaerosol hängt dabei stark von den Ablationsbe-

dingungen und der Probenmatrix ab. Das gleichzeitige Vorhandensein dieser bei¬

den Partikeltypen stellt besondere Anforderungen an die Messtechnik, welche zur

Partikelgrössenbestimmung verwendet wird. Sphärische Partikel und Agglomera¬

te müssen dabei gleichzeitig gemessen werden. Drei verschiedene Messtechniken

wurden evaluiert und es konnte gezeigt werden, dass die Impaktion die Agglo¬

merate entsprechend deren Primärpartikel klassiert. DMAMessungen ergaben im

Vergleich zur Impaktion etwa lOx grössere Partikeldurchmesser. Die mittels Licht¬

streuung bestimmten Partikeldurchmesser liegen nahe beim Volumen-equivalenten

Durchmesser. Sphärische Partikel werden mit allen drei Techniken etwa gleich

klassiert, da die Geräte mit solchen Partikeln kalibriert werden.

Die Aerosolstudien erlaubten die Evaluation einer Standardisierung basierend auf

dem total transportierten Partikelvolumen. Das gemessene Partikelvolumen er¬

möglichte es, für unterschiedliche Kratergrössen zu korrigieren. Die Korrekturfak¬

toren für unterschiedlich transparente Gläser mit ähnlicher Matrixzusammenset¬

zung wichen um weniger als 10 %von denen der internen Standardisierung ab.

Im Gegensatz dazu wurden für Metalle stark abweichende Korrekturfaktoren er¬

halten, wenn ein Nichtmetall zur Standardisierung verwendet wurde.

Die Resultate dieser Arbeit zeigen, dass die Standardisierung über das Partikelvo¬

lumen nur für wenige Probenmatrizes verwendet werden kann. Deshalb ist die in¬

terne Standardisierung noch immer die präzisere Methode. Die erzielten Resultate

zeigen jedoch, dass weitere Grundlagenstudien bezüglich Partikelmessungen und

ICP-Anregung notwendig sind, umden Massentransport als Standardisierungspa¬

rameter zur Quantifizierung einsetzen zu können.
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1

Introduction

1.1 Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) was introduced in 1980

as an analytical technique by Houk and coworkers [1]. Even though the basic

layout has remained unchanged, important improvements in terms of detection

limits, linear dynamic range of the detection and robustness has made ICP-MS one

of the key techniques for the analysis of inorganic trace and ultra-trace elements

in solution [2, 3]. Today, detection limits for quadrupole instruments are in the in

the pg g_1 range or below for most of the elements (Table 1.1). In total, more than

70 elements can be measured by this technique. Furthermore, the mass spectrum

provides not only elemental concentrations but also isotopic information.

Table 1.1: Typical detection limits for ions in solution for quadrupole ICP-MS [4]

Det. Limit Element

<1 ppt Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Ag, In, Sb, Cs, Ba, La, Hf, Ta,

W, Re, Os, Ir, Pt, Au, Tl, Pb, Bi, Ce, Pr, Nd, Sm, Eu, Gd, Tb,

Dy, Ho, Er, Tm, Yb, Lu, Th, U

1-100 ppt Li, Be, Na, Mg, Al, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,

Zn, Ga, Ge, As, Rb, Pd, Cd, Sn, Te, Hg

0.1-1 ppb B, Si, P, Br, I

1-10 ppb S

For ICP-MS measurements there are three main steps to be considered. The

first one is the sample introduction. Measurements in solution are performed

using any kind of solution nebulization. Solid samples can be introduced using a
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broad variety of sample introduction systems. In a second step, the analytes are

introduced into the ICP source for vaporization and ionization. Finally, the ions

are separated in a third step according to their mass to charge ratio in different

kinds of mass analyzers and are counted by a detector.

1.1.1 Sample introduction

Accurate sample introduction is the Achilles heel' in ICP-MS. The sample must

be transferred stoichiometrically into an aerosol to be introduced into the plasma

source. A shift in the elemental composition would bias the analytical results.

For analytes in solution, there exists a variety of different sample introduction

systems. The conventional technique is solution nebulization by a pneumatic

nebulizer. Large droplets are separated from the aerosol in a spray chamber of

which there are different designs. The low efficiency (1-2 %reaches the ICP) and

the high sample consumption of 1-2 ml min-1 are the main drawbacks of this

technique [5, 6]. Therefore, high efficiency nebulizers were developed consuming

only about 50-200 /xl min-1 of solution [7-12]. The low sample consumption

is an advantage when the sample volume is limited or expensive and also for

chromatographic coupling techniques. It further reduces plasma effects if, for

example, analytes in organic matrices have to be measured [7].

A different approach to improve the nebulization efficiency was the development of

direct injection nebulizers, where the sample is nebulized directly into the ICP [13-

15]. However, the larger amount of solution introduced (compared to conventional

nebulization) causes enhanced matrix effects. The combination of direct injection

with high efficiency nebulizers reduces matrix effects [16] but is more expensive

than conventional sample introduction systems.

Other techniques for liquid sample introduction are ultrasonic nebulizers with high

[17] and low [18] sample consumption, and monodisperse dried microparticulate

injectors [19, 20]. Solutions and slurries can also be introduced by electrothermal

vaporization [21-23]. For solid samples, spark ablation (restricted to conducting

samples) [24, 25] or laser ablation (section 1.2) [24, 26] are the commonly used

sample introduction techniques.

1.1.2 Sample ionization

For aerosol vaporization and ionization, an inductively coupled argon plasma

(ICP) is used. In its original configuration, the ICP was used as an excitation

1. Introduction



15

source for optical emission spectroscopy [27], but it can be coupled to an MSas

well [1]. The ICP torches used in today's instruments are very similar to the Scott-

Fassel-type torch introduced in 1974 [28, 29]. The aerosol carrier gas (~1 1 min-1)

is enclosed by the auxiliary gas with a similar flow rate. This setup forms a cen¬

tral aerosol channel, where the particles are vaporized and ionized. The ions are

formed in this channel and are guided through the plasma. To prevent melting

of the ICP torch, an excess cooling gas flow (Ar, 15-17 1 min-1) shields the glass

torch.

The plasma is heated by coupling a radio frequency (600-1500 W, 27.12 MHz

or 40.68 MHz) via a load coil to the plasma gas. It is ignited by a discharge

and reaches temperatures of about 5000 to 7000 K [30, 31]. Argon as a plasma

gas is a suitable selection due to its relatively high first ionization potential of

15.8 eV. This allows the ionization of most elements, more than 50 of them by

more than 90 % [32]. Only He, F and Ne have higher first ionization potentials

and are therefore not ionizable in an argon plasma. However, elements with high

ionization potentials (but lower than Ar) are difficult to be ionized (e.g. N, O, CI,

Br). Most elements have their second ionization potential close to or higher than

the 15.8 eV of Ar and doubly charged ions are therefore rare. The formation of

doubly charged or oxide ions is influenced mainly by the plasma forward power

settings, gas flows and sampling depth.

1.1.3 Mass separation and detection

The ions generated in the ICP at ambient pressure pass through an interface to

the mass analyzer. In a first step, the ions are guided through the sampler cone

with an orifice of about 1 mmand then pass the skimmer cone (orifice <~0.8 mm).

Between sampler and skimmer, a vacuum of about 10 Pa is obtained by a rotary

pump. In the mass separation region, a vacuum of <0.1 Pa is achieved by turbo-

molecular pumps.

Various mass analyzers are used in combination with an ICP ion source. Quadru¬

pole [1, 33, 34], time of flight [35-38] and sector field instruments [39] are com¬

mercially available. However, ICP coupling has also been reported with ion trap

MS [40, 41] and fourier transform ion cyclotron resonance (FT-ICR) MS [42].

Quadrupole mass separation was the first and is still the most common technique.

It is based on 4 parallel metal rods located around the ion path, where a certain

combination of constant and alternating potentials between the rods lead to the

1.1. Inductively coupled plasma mass spectrometry
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stabilization and therefore (sequential) selection of a well-defined mass to charge

ratio. The mass resolution (m/Am <~300) is insufficient to resolve molecular in¬

terferences occurring on certain masses. However, molecular ions can be partially

removed in a reaction cell, where they collide with a collision gas resulting in ion-

molecule reactions [43-45]. Ions with the desired mass to charge ratio are counted,

after mass separation, by a detector, normally a secondary electron multiplier. All

other ions are deflected towards the rods of the quadrupole. With this arrange¬

ment, up to two million counts per second are detected in the pulse counting

mode, while the analogue mode of the detector enlarges the linear dynamic range

to more than 9 orders of magnitude. This allows measurement of major-, minor-,

trace-, and ultra-trace elements within one run making it also a suitable technique

for the direct analysis of solid samples. In normal operation, peak maxima only

are measured (peak jumping mode) for faster scanning. Measurement times of

10 ms dwell per mass (minimum 1 ms) with 1.5 ms quadrupole settling time were

reported to be the most suitable settings for transient signals [46]. However, even

if these settings allow fast scanning of about 40 different elements within 0.5 s,

quadrupole measurements are still sequential. For rapidly changing transient sig¬

nals, this leads to spectral skewing effects. This can be the case for example in

laser ablation sample introduction, especially for single pulse analysis [47] or if the

mass scan time is close to the laser ablation frequency for fast flushing cells [26].

A time-of-flight mass spectrometer measures the time needed by the ions to travel

a certain distance in a field-free high-vacuum chamber [48]. Ions are accelerated

by a short high-voltage pulse resulting in higher migration velocities for ions with

lower mass to charge ratios. The main advantage of TOF-ICP-MS is the simulta¬

neous ion extraction and the fast sequential measurement of the entire mass range

within a few microseconds at an 'acceptable' mass resolution (m/Am) of about

500 (V-TOF). Linear Wiley-McLaren-type [49] ion extraction is used for optimized

sensitivity, mostly in combination with an ion mirror (V-TOF) for enhanced mass

resolution. However, the mass resolution of this setup is reduced compared to or¬

thogonal TOF instruments [35] due to variations of the initial ion velocities. Ions

are detected by a micro channel plate. This detector shows a very fast response

time as required for TOF measurements but also a reduced linear dynamic range

of around 6 orders of magnitude. The ions are sampled at 20 kHz (LECO Renais¬

sance), but always several spectra are integrated to reduce the amount of data

and also the time resolution.

1. Introduction
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The third commonly used technique is high resolution (HR) ICP-MS. Here, the

ions are separated in a magnetic field according to their mass to charge ratio.

An electric field is normally used in front of the magnetic field to compensate for

different ion velocities and achieving therefore a higher mass resolution. Resolu¬

tions (m/Am) of about 9,000 or even higher can be realized, which is adequate

to resolve molecular interferences from the mass spectrum [39, 50, 51]. However,

isobaric interferences require even higher mass resolutions and can therefore not

be separated by commercially available ICP-MS instruments. Two main types of

instruments are available. By scanning of the E- and B-fields, sequential measure¬

ment of the mass spectrum is possible with scan speeds comparable to quadrupole

instruments [52]. With static fields and multiple detectors, the ions can be counted

simultaneously. This technique is known as multi-collector (MC) ICP-MS and is

mainly used for precise isotopic studies of various samples [53-58].

1.2 Laser ablation as a sample introduction technique

for ICP-MS

A key feature of the ICP-MS is that the sample introduction technique can be

selected for the specific analytical demands of the user. The conventional tech¬

nique is solution nebulization ICP-MS with an automated analytical procedure.

However, solid samples must be digested for analysis, which can be very time-

consuming and entails the possibility of analyte loss or sample contamination.

Further limitations are the total salt concentration (<0.1%) [59-62] and samples

that are difficult to digest as well as certain ions that are not stable in solution.

These problems can be bypassed by the selection of a different sample introduc¬

tion system. Electrothermal vaporization (ETV) of the sample, for example, helps

with analyzing solutions with a high salt content [63]. When using laser ablation,

however, the sample preparation procedure can be reduced significantly. The only

restriction is the size of the sample, which must fit into the ablation chamber with

a typical size of about 30 cm3, but chamber designs can also be adapted to the

sample size [64, 65]. Spatial resolution of a few /an and reduced interferences in

the mass spectrum due to the dry sample introduction, and therefore a reduced

oxide level, are further advantages compared to conventional solution nebulization

ICP-MS. Furthermore, the method is known to be quasi non-destructive, since the

low depth and diameter of the laser crater results in a very limited sample con-

1.2. Laser ablation as a sample introduction technique for ICP-MS
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sumption in the lower ng range. Finally, the low detection limits in solids of a

few ng g-1 in various matrices such as glass [66-70], fluorite [71], soil [72], tooth

[73] and even soft tissue [74] or gemstones [75-77] make LA-ICP-MS one of the

most versatile analytical techniques. The combination with ICP-MS further en¬

ables depth profiling studies [78-81] and spatially resolved isotope measurements,

which is important especially for geochronology [53-55, 82-86]. Figures of merit

are given in a number of review articles on laser ablation published in the past

few years [24, 26, 87-92].

Table 1.2: Summary of characteristic laser parameters used for ablation

A Laser Character Max. energy Pulse duration

(nm) medium (mJ) (ns)

vjas

Solid state

Solid state

Solid state, 2nd harmonic

Solid state, 3rd harmonic

Gas excimer

Solid state, 4th harmonic

Gas excimer

Solid state, 5th harmonic

Solid state (OPO)

Gas excimer

Gas excimer

aReference values from Guillong [93]
bReference values from Günther et al. [65]
"Values from LSX 3000 (CETAC Technologies, Omaha, NB, USA)

Various laser types and wavelengths have been used for ablation and cover the en¬

tire range from 10,600 nm (CO2) to the deep UVat 157 nm(F2, see also Table 1.2).

The Ruby and IR lasers used in the beginning of laser ablation ICP-OES/MS in

the early eighties were later replaced by lasers with shorter wavelengths ending

in the deep UV, e.g. at commercially available 193 nm ablation systems [94] and

certain applications at 157 nm [95]. Comparisons of different wavelengths showed

improved laser-sample interaction, finer aerosol particles and higher transport ef¬

ficiencies as well as reduced elemental fractionation effects at shorter wavelengths

(see section 1.4) [96-106].

10'600 co2

1064 Nd:YAG

694 Ruby

532 Nd:YAG

355 Nd:YAG

308 XeCl

266 Nd:YAG

248 KrF

213 Nd:YAG

193 Nd:YAG

193 ArF

157 F2

2000a 100-105

2000a 6-105

1000a 10-106

300a 3-5

200a 3-5

200b 8-30

100a 3-5

200b 20

30c 3-5

1.7e 3-5

200b 15

60b 20
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Besides the wavelength of the laser light, the pulse width is another parameter

which can be selected. The frequently and successfully used ns-lasers are robust

instruments with high output energies, various available wavelengths and reason¬

able costs. However, shorter pulse widths in the pico- or femto-second range have

been shown to be preferable for some metal samples. Various fs-laser applica¬

tions from LIBS [107, 108], ICP-AES [109-111] and ICP-MS [112-115] have been

reported. For brass samples, the stoichiometry of the aerosol particles has been

shown to be similar to the ablated sample when a fs laser was used for ablation,

while it has been measured to be depleted in Zn for ns ablation [113]. A restriction

of fs lasers is the relatively low output energy of only a few mJ per pulse. For

the UVrange, the 3rd or 4th harmonics of the original wavelength (usually around

800 nm) is used, which further reduces the available energy. However, due to the

short pulse widths, achievable power densities are much higher for fs lasers than

for ns lasers, which could be crucial for metal ablations.

1.3 Calibration strategies in LA-ICP-MS

Laser ablation in combination with ICP-MS is a powerful technique for major-

trace- and ultra-trace elemental analysis in solid samples. However, in compari¬

son to the analysis of liquids, quantitative results are more difficult to obtain. For

liquids, normally one or more internal standards are added to correct for varia¬

tions of the sample introduction system and the plasma conditions as well as for

instrumental drift and matrix effects. For solid samples, it is difficult to add an

internal standard. Furthermore, the sample mobilization, transport and excita¬

tion in the ICP depends significantly on the sample location in the ablation cell,

the sample matrix, the laser ablation wavelength, the carrier gas, and the ICP

operating conditions.

For the present, most applications use solid standard reference materials as exter¬

nal calibration standards to correct for the elemental sensitivity together with an

internal standard to correct for variations in sample ablation, transport and other

instrumental variables. The procedure, including optimum instrumental settings,

was described in detail by Longerich et al. [46]. For unknown samples, at least

one element used as internal standard has to be determined by an alternative

technique, for example X-ray fluorescence (XRF) or electron probe micro-analysis

(EPMA). For heterogeneous samples, quantitative results are difficult to obtain by

1.3. Calibration strategies in LA-ICP-MS
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LA-ICP-MS based on internal standardization due to the lack of a homogeneously

distributed internal standard element. Furthermore, internal standardization can¬

not compensate for variations in element-specific ICP excitation of the aerosol

particles, which causes elemental fractionation effects. Even if the method of in¬

ternal standardization is successfully applied, it would be favorable to have simpler

and more generally applicable calibration strategies available.

Large efforts have been made to find more direct calibration strategies. Kanicky

et al. [116] used, based on an older work by Pang et al. [117], the acoustic ab¬

lation signal for normalization. Acoustic signal intensities were found to depend

on the distance to the focal point and on the sample matrix. Quantitative results

calculated by this approach were not precise enough to replace internal standard¬

ization. Another approach was based on the drop of the Ar+ signal intensity of the

ICP-MS during the introduction of a laser generated aerosol [118]. This effect was

assumed to correlate with the total particle mass entering the ICP. However, the

precision of the correlation between the lowered Ar+ signal and the transported

particle mass was insufficient for quantitative measurements.

Watling [119] and Baker et al. [120] showed that the internal standard can be

replaced by standardization using scattered light from the aerosol particles. The

limitation of this method is again the need of matrix matched standard reference

materials, since the amount of scattered light depends strongly on the particle

size distribution, which is affected by the sample matrix and the laser wavelength

used for ablation (1064 nm and 266 nm). Lasers leading to more uniform particle

size distributions are expected to improve the applicability of this technique. A

refinement of the method was described by Alexander et al. [102], who considered

also the particle size distribution in the aerosol to determine the total particle

volume transported. A small fraction of the aerosol was isokinetically separated

before entering the ICP and the particle size distribution was measured with an

optical particle counter. ICP-MS signal intensities were correlated with the total

particle volume transported to the ICP to obtain quantitative results. By this

method, matrix-matched calibration has been shown to be successful for differ¬

ent glass standards, with more precise results for 266 nm and 355 nm ablation

compared to 532 nm. However, the limited measurement range of the OPCand

incomplete ionization of the particles in the ICP did not allow non matrix-matched

quantification.

An important alternative to solid standard reference materials is the use of liquid

1. Introduction



21

calibration standards, which can be introduced by solution nebulization [121]. The

problem of increased oxide levels in the ICP-MS was shown to be reduced by an

aerosol desolvation unit [122, 123]. This procedure allows calibrating for elements

which are not available in common solid reference materials, but the procedure is

still based on internal standardization. Another approach for non matrix-matched

standardization was reported by Günther et al. [124] for geological powder sam¬

ples using fused beads of Li2Bzi07 containing the samples. NIST SRM610/612

were used as external reference materials. The matrix element Li was shown to

be suitable for internal standardization and therefore, no internal standard ele¬

ment of the sample had to be determined. Calibration by direct ablation of a

standard solution using multi-element solution standards with concentrations of

up to 5000 ppm is another approach to avoid solid standard reference materials

[125]. Especially for the analysis of fluid inclusions in rock samples, direct liquid

ablation has been shown to be the method of choice [126-129].

A standard addition method for calibrating the response of LA-ICP-MS has been

developed by Leach and Allen [130] using dried aerosols from solution nebuliza¬

tion in various concentrations added to the laser generated aerosol. However, the

determination of the transport- and ionization efficiencies of laser and dry aerosol

sampling has been shown to be a major restriction of this technique.

Aeschliman et al. [131] presented a new approach for quantification using a mi¬

crobalance for measuring the total particle mass transported to the ICP. As an

external standard, solution nebulization has been used. However, the critical pa¬

rameter with this procedure was the determination of the nebulization efficiency

of the liquid standard. In fact, this parameter has been used to correct also for

other undefined parameters such as the ionization efficiency of the laser-generated

aerosol particles or incomplete deposition of the particles on the balance. A relative

accuracy of 3 %and 12 %was achieved for glass and metal samples, respectively.

Powder samples have been analyzed by Tibi et al. [132, 133] using isotope dilution.

The isotope spike was added as a solution to the powder, which was dried, mixed

and pressed to pellets for ablation. Results for certified soil materials showed good

agreement for Cu, Zn, Sr, Cd and Pb. However, Cr and Fe concentration values

showed significant deviations between the measured and certified values indicating

that the multielement capability of this technique is limited.

Finally, Leach and Hieftie [118] normalized the signals of sample and reference

material with the total concentrations measured on a TOF-ICP-MS. The aim was

1.3. Calibration strategies in LA-ICP-MS
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to correct for different ablation rates by integrating the individual elements over

the entire mass range. Variations in ablated and transported sample can be cor¬

rected by this approach. For major elements, a good accuracy was demonstrated

on a steel sample. It was shown that this method provided better precision than

internal standardization. However, minor and trace elements showed significant

deviations from the certified values, which could also be caused by the heterogene¬

ity of the sample. A serious limitation of TOF mass separators is restricted linear

dynamic range, making it difficult to measure major- and trace-elements at the

same time. Another prerequisite of this approach is that the entire matrix needs

to be measured, which is problematic for carbonates, phosphates and sulphides as

well as for mixtures of them. However, if all anions are the same (e.g. oxides),

normalization to 100 %leads to precise results as shown by Guillong et al. [134]

for the characterization of a series of new glass standards. Halicz et al. [135]

demonstrated that the 100 %normalization, in combination with solution nebu¬

lization for calibration, results in accurate and precise element concentrations for

silicates, which can be seen as the most advanced matrix-independent calibration

procedure for this matrix.

1.4 Elemental fractionation (EF)

Since the beginning of laser ablation-ICP coupling techniques in 1981 [136], ele¬

mental fractionation effects have been considered as a serious limitation for quanti¬

tative analysis. This term describes all non-stoichiometric effects occurring during

sampling, aerosol transport, excitation and measurement without assigning EF to

a dedicated source. For single hole ablations, the fractionation index (FI) intro¬

duced by Fryer et al. [137] was the first relative quantification of this phenomenon

and the first identification of elements of similar behavior in LA-ICP-MS. The FI

represents the change of the signal intensity ratios of two isotopes during a signal

acquisition and is calculated as shown in equation 1.1. The internal standard ele¬

ment (often Ca) is commonly used as a reference in FI calculations, but FI values

can be calculated for any two isotopes. However, there is some confusion in the

literature about the definition of the fractionation index. Several authors reported

inverse FI values [138, 139] and data have to be compared carefully. It needs to be

mentioned, however, that the FI is a relative index and describes the phenomenon

1. Introduction
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of elemental fractionation, but cannot be used for the mathematical correction of

fractionation effects.

Ix(t2)

FlCa = ^g (1.1)
ICa(tl)

Flea Fractionation index relative to Ca

Ix Signal intensity of the element of interest

lea Signal intensity of Ca as a reference element

ti Average of the first half of the signal considered

£2 Average of the second half of the signal considered

The largest fractionation effects have been reported for metal ablations, where the

low-melting brass is one of the most critical samples [112, 140-142]. Fractionation

effects were reported to depend on the crater size and were more pronounced when

using small crater diameters (Figure 1.1) [143]. Less pronounced EF has been ob¬

tained for non-metal samples, especially when the ablation does not exceed a

certain depth to diameter ratio [70, 144], but it can still affect significantly the an¬

alytical outcome. Furthermore, certain applications are highly sensitive to changes

in elemental ratios. These are, for example, geochronological studies, which are

based on small deviations for certain isotope ratios [54, 83-86, 138, 143, 145]. One

example is zircon dating, where the focus is on precise Pb/U/Th determinations.

These element combinations are known to fractionate strongly.

Large effort has been made to identify the sources for EF, but also to reduce it to

a minimum. Thermodynamic properties of the elements or element oxides such as

melting and boiling point temperatures, ionization potentials or ionic radii have

been assumed to influence EF, but only poor correlation with measured fraction¬

ation indices have been shown [98, 101, 104, 138, 146-152]. However, the best

correlation of Fis was reported to be with the condensation temperatures of the

elements for non-metals [153]. Estimation of the fractionation behavior of the ele¬

ments can also be done by comparison with chemically similar behaving elements

as classified in geology [154].

All major processes in LA-ICP-MS have been reported to contribute to EF in¬

cluding laser ablation, sample transport and ICP-excitation. The crater depth

to diameter ratio has been shown to be an important factor for the analysis of

glass samples [143, 144]. When exceeding a critical ratio of 6:1, fractionation ef¬

fects increase significantly, which was assigned to less pronounced direct particle

1.4. Elemental fractionation (EF)
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Brass B26, 193 nm, 20um

Figure 1.1: Example of fractionating signals of a brass ablation at 193 nm, 5 Hz and

20 /jm crater diameter. The FI of this signal is 3.36.

ablation in combination with enhanced sample vaporization. This indicates that

laser parameters play an important role. In general, lower wavelengths and higher

pulse energies reduce EF for non-metal samples [102, 105, 155-157], while shorter

pulse lengths reduce the fractionation for metal samples, independent of the laser

wavelength [113, 114]. For metal samples, fractionation effects due to preferential

deposition of volatile elements during aerosol transport have been shown [158].

The ICP excitation process has been described to be a third source of elemental

fractionation. Incomplete vaporization of aerosol particles has been expected from

the beginning of laser ablation in 1981 [136] and from further indications by Figg

et al. [101, 159] and Alexander et al. [102], but has become a topic of major in¬

terest within the last few years. Based on aerosol studies by Guillong et al. [139]

and Günther et al. [160], as well as on photographie studies on aerosol particles

in the ICP [131, 161] and element-dependent ICP-MS optimization parameters

[162, 163], the contribution to EF of the ICP became more and more accepted.

However, the individual contribution of the different sources of fractionation re¬

mained unclear at the beginning of this thesis. Chapter 4 shows the interaction

of laser- and ICP-related fractionation and their different contribution to these

non-stoichiometric effects.

1. Introduction
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Different approaches have been tried to reduce EF effects and therefore to im¬

prove the accuracy of LA-ICP-MS measurements [84, 143, 144]. For silicates and

oxides, small particle sizes and narrow particle size distributions are preferable

for reduced ICP-related fractionation. This is achievable by use of shorter laser

wavelengths (e.g. 193 nm, partially by 213 nm), which are readily absorbed even

by visually transparent samples. Several wavelength comparison studies show an

improved signal stability and reduced elemental fractionation based on changes of

the particle size distributions [97, 98, 102, 104, 105, 156, 157]. With respect to

the aerosol particle size distribution, it also needs to be mentioned that scanning

ablation (constantly moving the laser on the sample), which is known to produce

an increased amount of large particles, has been proposed to overcome elemental

fractionation effects [164]. It is evident that this ablation strategy leads for all

elements to a FI of 1 according to the FI definition of Fryer et al. [137]. However,

this strategy should be applied only when matrix matched calibration standard

are available due to matrix dependent ICP-MS response functions.

For metal samples, short laser pulse width has been shown to be more important

than the laser wavelength, leading to a more accurate stoichiometry of the aerosol

with respect to the composition of the sample [113].

1.5 Aim of the study

The aim of this work was the development of a standardization procedure in LA-

ICP-MS for the quantitative analysis of solids based on the mass of the transported

aerosol particles. Such a quantification procedure would promote LA-ICP-MS to

a "stand alone" technique. Besides the density of a sample, no further information

would be required prior to the analysis. However, for absolute quantification based

on the transported particle volume, several fundamental studies were necessary to

provide knowledge about

• the particle structure of the aerosols during the transport, since this has an

important influence on the size classification of a particle.

• a suitable particle measurement technique to ensure an accurate particle size

determination in terms of suitable measurement size ranges and correct size

classification.

• the particle size limit for complete vaporization and ionization in the ICP

1.5. Aim of the study
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to gain information about the mass fraction of an aerosol that contributes

to the signal.

• the elemental composition of the aerosol particles with respect to their size,

which influences the location of their ion generation within the ICP, their

transmission to the mass analyzer and finally the precision and accuracy of

the elemental analysis.

The different studies of particle structure and composition, as well as their vapor¬

ization and ionization in the ICP, aimed furthermore to provide new insights into

the elemental fractionation processes to develop general strategies for improved

quantification capabilities.

1. Introduction
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2

Instrumentation

2.1 ICP-MS Instruments

Four different ICP-MS instruments were used for the experiments depending on

the laser used for sample mobilization and other requirements. All instruments

can be used in solution nebulization (SN) and laser ablation (LA) mode without

major changes. Typical instrumental conditions are listed in Table 2.1.

An Elan 6000 (Perkin Elmer, Norwalk, CT, USA) was used in combination with

the 266 nm laser systems. Within this instrument, ions are guided around a pho¬

ton stop and refocused towards the quadrupole mass analyzer by an ion lens. This

instrument has a very low background noise (background on mass 220 <10 CPS).

The robust plasma in combination with an additional vacuum pump connected to

the interface allows helium flow rates of up to 1.7 1 min-1. The Elan 6000 was also

used for SN-ICP-MS. The very similar Elan 6100 DRCis further equipped with

a dynamic reaction cell [43-45]. Within this cell, the ions are guided by an addi¬

tional quadrupole and are allowed to react with molecules of a selectable collision

gas. However, even if the instrument is not used in the DRCmode, the elonga¬

tion of the ion path between interface and detector leads to a reduced background

count rate but also to reduced signal intensities compared to the Elan 6000.

The Agilent 7500cs (Agilent Technologies, Palo Alto, CA, USA) is a quadrupole

instrument with an octopole collision cell. Instead of a photon stop as used by

the Elan instruments, the ion beam is deflected by a sequence of ion lenses. This

instrument provides higher signal intensities but also elevated background count

rates compared to the Elan 6X00.

Multi-element analysis in solution was performed on an Element 2 ICP-SFMS
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(Thermo Finnigan MATGmbH, Bremen, D). This sector field instrument with a

high mass resolution of up to <~9'000 allows resolution of most molecular inter¬

ferences from the mass spectrum. The software option of using various internal

standard concentrations in solution analysis is another feature of this instrument.

However, this option has also been enabled in a recent update of the Agilent

ICP-MS software.

Table 2.1: Typical instrumental settings for the individual instruments

Instrument Elan 6000 Elan 6100 DRC Agilent 7500c Element 2

Mass separator Quadrupole Quadrupole Quadrupole Sector field

Cell gas flow (He) 1.0 1 min-1 1.0 1 min-1 1.0 1 min-1 0.8 1 mhr1

Additional Ar (LA) 0.7 1 min-1 0.7 1 min-1 0.8 1 min-1 0.8 1 mhr1

Nebulizer Ar gas (SN) 1.1 1 min-1 1.1 1 min-1 1.1 1 min-1 1.1 1 min-1

Neb. uptake rate 100 jA min-1 100 jA min-1 100 jA min-1 50 /il min-

Oxide ratio, ThO (LA) <0.5% <0.5% <3% <0.5%

Oxide ratio, CeO (SN) <3% <3% <3% <4%

Cooling gas flow 15 1 min-1 16 1 min-1 17 1 mhr1 17 1 mhr1

Auxiliary gas flow 0.7-0.9 1 min-1 0.7-0.9 1 min-1 0.5-0.7 1 min"1 1.0 1 min-1

ICP forward power 1400 W 1400 W 1200 W 1100 W

Sampling depth n.a. n.a. 5 mm 4 mm

Sample introduction for ICP-MS

Besides laser ablation different liquid sample introduction systems were used for

the ICP-MS. Typically, micro-concentric nebulizers with uptake rates between

50 and 100 /xl min-1 were used for solution nebulization. Solution nebulization

aerosols were dried when using them as an external reference for laser aerosols.

This was carried out by an Aridus aerosol desolvation unit (Cetac Technologies,

Omaha, NB, USA). Unfortunately, dried aerosols in commonPE-tubing were very

sensitive to electrostatic charges and the tubes were therefore covered with alu¬

minum foil.

2.2 Laser ablation systems

Several laser ablation instruments were used in this work according to the require¬

ments of the individual studies. Experiments with the need of a wide particle

size distribution such as the determination of the particle vaporization and ion¬

ization limit in the ICP were carried out using a 266 nm Nd:YAG laser ablation

2. Instrumentation
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system. Especially for transparent samples, both large and small aerosol particles

are generated using this wavelength. Other experiments including laser wave¬

length comparisons were performed on both 266 nm Nd:YAG and 193 nm ArF

excimer instruments. Finally, experiments requiring the smallest possible aerosol

particles for non-metal samples were carried out using a 193 nm ArF excimer

laser. When ablating metal samples, however, the pulse duration is more impor¬

tant than the wavelength due to the fact that these samples readily absorb all

wavelengths. Therefore, Nd:YAG lasers with 3-5 ns pulse width were compared

with ArF excimer lasers (~15 ns pulse width). Detailed specifications of all laser

systems are listed in Table 2.2.

Table 2.2: Specifications of the laser ablation systems

Instrument LSX 200+ LSX 500 HP 266 nm Geolas C Geolas M

Wavelength 266 nm 266 nm 266 nm 193 nm 193 nm

Pulse duration 3-5 ns 3-5 ns 3-5 ns 15 ns 15 ns

Crater diameter 10-250 /xm 10-200 /xm 5-300 /jm 16-127 /xm 4-120 /xm

Repetition rate 1-20 Hz 1-20 Hz 2-20 Hz 1-20 Hz 1-20 Hz

Energy density 3 J cm~2 7 J cm-2 45 J cm~2 35 J cm~2 45 J cm--

Scanning ablation Yes Yes Yes Yes No

Light polarization Yes Yes Yes No No

Three different 266 nm laser ablation instruments were used for the experiments.

An LSX 200+ or LSX 500 (CETAC Technologies, Omaha, NB, USA) was used

especially for experiments requiring scanning ablation at a large spot size. These

laser systems provide stable energies, are user-friendly and allow mapping the

ablation cell for better sample localization (LSX 500). A few experiments were

performed on an inhouse-built beam-homogenized, high-power ablation system

(HP 266 nm) based on a Brillant B Nd:YAG laser (Quantel, Les Ulis, France)

described in [155].

For the 193 nm wavelength, ArF excimer lasers were used. The optics of the in¬

strument have been described in detail [94]. Combined with an LSX 200 front end

(Geolas C, Microlas, Göttingen, D), the capabilities of a computerized xyz-stage

can be used. For high resolution sample observation, the original setup using a pét¬

rographie microscope was used (Geolas M). However, this system was upgraded

with a 18x18 beam homogenizer array (original setup: 9x9 array, 35 J cm-2)

allowing higher laser energy densities on the sample surface (45 J cm-2).

2.2. Laser ablation systems
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2.3 Particle size measurement instrumentation

2.3.1 Optical particle counting (OPC)

Most particle size distributions measurements shown within this work were carried

out using a high sensitivity laser aerosol spectrometer (HS-LAS, Particle Measur¬

ing Systems, CO, USA). This 32-channel instrument covers a particle size range

from 0.065 /xm to 1 /xm (Table 2.3). It is an active cavity instrument (Figure 2.1)

based on a He-Ne laser leading to an illumination of the aerosol path of around

500 Wcm-2. Light with a scattering angle of 35° to 120° is collected by a parabolic

reflector and focused onto the detector by an aspheric lens. Theoretical response

functions of this kind of instrument have been published by various authors [165-

167]. Specific response functions for the instrument used have been published by

Hinds et al. [168], while Szymanski et al. [169] reported the experimental calibra¬

tion data. The sample flow rate was set to 0.2 1 min-1 and the maximum particle

count rate was 8000 CPS. At higher particle number densities, coincident errors

had to be considered. This is the case if 2 or more particles are in the viewing

volume of the laser at the same time, and several small particles are classified as

one single particle with an enlarged diameter. However, at 8000 CPS coincidence

counting already takes place for about 5 %of the particles. The external mirror

of the laser cavity had to be optimized for different aerosol carrier gas types due

to a change in the refractive index at the Brewster's window placed within the

laser beam path.

Scattering Miotoctetector

Asphenc Collector

Reference

Photodetector

External Mirror

Sheath gas

Sample gas

Figure 2.1: Diagram of the HS-LAS active cavity optical particle counter.
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Table 2.3: Channel size ranges of the OPCinstruments.

HS- LAS Lasair 1001

Channel-No. Size (/xm) Channel-No. Size (/xm) Channel-No. Size (/xm)

1 0.065-0.070 17 0.190-0.200 1 0.100-0.200

2 0.070-0.075 18 0.200-0.225 2 0.200-0.300

3 0.075-0.080 19 0.225-0.250 3 0.300-0.400

4 0.080-0.085 20 0.250-0.275 4 0.400-0.500

5 0.085-0.090 21 0.275-0.300 5 0.500-0.700

6 0.090-0.095 22 0.300-0.325 6 0.900-1.000

7 0.095-0.100 23 0.325-0.350 7 1.000-2.000

8 0.100-0.110 24 0.350-0.375 8 >2.000

9 0.110-0.120 25 0.375-0.400

10 0.120-0.130 26 0.400-0.450

11 0.130-0.140 27 0.450-0.500

12 0.140-0.150 28 0.500-0.600

13 0.150-0.160 29 0.600-0.700

14 0.160-0.170 30 0.700-0.800

15 0.170-0.180 31 0.800-0.900

16 0.180-0.190 32 0.900-1.000

The calibration of the HS-LAS was tested by measuring certified, monodisperse

PSL latex spheres with particle diameters of 152±5 nm. A suspension of these

particles in ultrapure water was nebulized using a cross-flow nebulizer. The dilu¬

tion was selected in a way that most of the individual aerosol droplets contained

not more than one particle to avoid agglomeration of these particles during aerosol

drying. The dilution factor was adjusted experimentally by adding water but could

also be derived after an equation by Raabe et. al. [170, 171]. However, a few ag¬

glomerates of 2 or 3 nano-particles (<5 %) are still present in the aerosol and

cannot be avoided. Dehydration of the aerosol was performed within a 1.5 mlong

perforated tube surrounded by silicagel drying agent before entering the OPC.

Results shown in Figure 2.2 indicated that the calibration provided by the man¬

ufacturer of the instrument was still valid. The maximum of the size distribution

was measured at 145 nm. Even without considering the channel width of 10 nmat

this particle size, the results are less than 5 %from the certified particle diameter.

A few agglomerates of two (nominal 182 nm) and even 3 (nominal 209 nm) par¬

ticles are also visible in Figure 2.2. Further details of the test aerosol generation

are given in several review articles [171-174].

2.3. Particle size measurement instrumentation
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Figure 2.2: Particle volume distribution of a standard aerosol (152±5 nm certified).

Towards larger particles, agglomerates of two and even of 3 nano-particles are visible.

A few measurements were carried out using a passive cavity OPC (Lasair 1001,

Particle Measuring Systems, CO, USA). The aerosol flow was adjusted internally

to 0.28 1 min-1. Particles from 0.1 /xm up to 2 /xm are classified in 8 channels

(see Table 2.3). Counting efficiencies are independent of the aerosol carrier gas as

previously demonstrated by Horn et al. [175].

2.3.2 Differential mobility analysis (DMA)

Originally, the differential mobility analyzer was designed in f 975 by Knutson et

al. [f 76] (Figure 2.3) as a source of monodisperse aerosols. Together with a con¬

densation particle counter introduced by Agarwal et al. [177] a few years later,

the setup turned out to be a very effective way to measure aerosol particle size

distributions in the sub-/xm range. With the introduction of high voltage scanning

mode [f 78] replacing the discrete values used before, the measuring time has been

reduced to one or two minutes.

This technique requires a well-defined charge distribution of the aerosol particles.

Since this is rarely the case for aerosols, a well-defined charge distribution is ap¬

plied to the aerosol particles by passing them through a ß~ emitter unit (f .5 mCi

85Kr in Cu). An electrically neutral cloud of positive and negative ions ensures a

stable charge distribution. This process has been described in literature as bipo¬

lar diffusion charging [179-181]. However, most of the particles remain uncharged

2. Instrumentation
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and cannot be classified. For the doubly charged particles, which are classified at

a smaller mobility diameter, a mathematical correction can be applied. As a pre¬

condition for this correction model, particles larger than the measurement range

of the DMAhave to be removed from the aerosol, which is achieved by an inlet

impactor before the separation.

Particles are separated after their electrical mobility in the DMAflight cylinder

(SMPS Model 3936N25, TSI Inc., Minnesota, USA). Depending on the voltage ap¬

plied between the high voltage rod in the center and the grounded cylinder wall,

a specific particle size reaches the aerosol outlet, while the other particles are lost

on walls or flushed with the sheath air to a filter. Depending on the selected gas

flow rate, particles from fO nm up to f /xm can be classified.

Particle counting was performed on a Condensation Particle Counter (CPC Model

3022, TSI Inc., Minnesota, USA). The particles are enlarged for the measurement

by condensation of n-butyl alcohol in a supersaturated environment [182] and

counted by light scattering. Supersaturation is achieved by a heated saturator

(35°C) followed by a cooled condenser. This setup is called a conductive cooling-

type CNC [183-185]. Since the vapor concentration and saturation decreases

towards the tube walls of the condenser, especially small particles in the range of

f 0 nmand below are difficult to be activated for growth, which reduces their count¬

ing efficiency [186-188]. In general, particles with sizes of about 12 /xm or larger

are counted by the CNC. Particle number densities up to 10,000 particles cm-3

are detected in the counting mode. At higher concentrations, coincidence losses

have to be considered.

2.4 Aerosol dilution

Aerosols with particle number densities exceeding the accessible range of the OPC

had to be diluted prior to the measurement. However, the undiluted aerosol had

to be preserved for parallel measurement using the ICP-MS. Dilution with excess

dilution gas, as performed by Koch et al. [189], was therefore not applicable. How¬

ever, by using a cascade of such ventury-type instruments, representative dilution

with dilution factors up to f 0,000 has been achieved [190]. A different technique

is used in a commercial instrument from TSI inc. (Model 3302), which maintains

a part of the aerosol (1/20 to 1/100) and filters the remaining aerosol particles

before remixing the two fractions.

2.4. Aerosol dilution
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Figure 2.3: Diagram of a cylindrical DMA.

An instrument fulfilling most of the requirements of simultaneous OPCand ICP-

MSmeasurements is the adjustable dilution unit MD19-H (Matter-Engineering,

Wohlen, Switzerland) diluting aerosols using a rotating disk with cavities (Fig¬

ure 2.4) [191]. Cavity volumes were 0.04 cm3 for the fO-cavity disk resulting in

dilution factors of 12 up to 240. For higher dilutions (up to 2400x), an 8-cavity

disk with reduced cavity volumes was used. The instrument showed a linear de¬

pendency of the dilution ratio on the disk rotation frequency (<2 Hz). Dilution

ratios were measured to be constant for particle sizes between f 0 nm and 700 nm,

which was the measurement range of the DMAused for the investigation [191].

The gas flow of the aerosol to be diluted is measured to automatically adjust the

rotation frequency resulting in constant dilution factors. However, since Ar or

He was used as aerosol carrier gas and the flow meter was calibrated for air, the

dilution was controlled manually. Using these settings, the dilution factors depend

directly on the primary aerosol flow, the dilution gas and the rotation frequency

of the disk and were determined by measuring the reduction of ICP-MS signal in¬

tensities of the diluted aerosols. An additional application of the instrument was

2. Instrumentation
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the change of the carrier gas type by using the desired gas for dilution (e.g. for

DMAmeasurements). Furthermore, the dilution unit was shown to be leek-proof

for pressure variations between aerosol and dilution gas of up to 50 mbar.

Figure 2.4: Schema of the dilution unit (Source: Manual MD19-Ü). A: Aerosol channel.

B: Dilution gas channel. 1: Body. 2: Rotating disk. 3: Disk cavity. 4: Axis of rotation.

2.5 Sample digestion

Sample digestion as described in section 4.3 was performed in an ultraClave II

microwave digestion unit (MLS GmbH, Leutkirch, Germany). This instrument

allowed the simultaneous digestion of up to 40 samples in open f 5 ml vials, which

were placed in a steel-made pressure vessel containing a teflon insert (Figure 2.5).

The vials were dipped in diluted sulfuric acid to ensure good microwave absorption

and heat transfer to the digestion vials and to oxidize nitric gases. Furthermore, a

pre-pressure of 40 bar of an inert gas (Ar or N2) was applied to the pressure vessel

to avoid uncontrolled boiling and loss of the samples to be digested. Maximum

pressure was 200 bar and the temperature was not allowed to exceed 300°C. The

temperature profile could be defined using a computer terminal. However, the

maximum applicable microwave power was restricted to f 000 W. The magnetron-

induced microwave radiation (2.45 GHz) was coupled to the digestion vials through

the bottom of the pressure vessel.

Certain digestion procedures, especially for silicate-containing samples, require

hydrofluoric acid in combination with other acids. However, insoluble fluorides

of some elements were formed reducing the digestion recoveries for example of

REEs. Therefore, a heatable aluminum block with 30 vial holders was designed

(Figure 2.6). This setup allowed gentle fuming of the acids used for the digestion.

Residues were redissolved in diluted nitric acid for analysis.

2.5. Sample digestion
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Figure 2.5: Front view of the opened ultraClave II high pressure vessel with sample

rack inserted.

Figure 2.6: Heatable aluminium block for fuming off acid from digestion vials.

2. Instrumentation
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3

Aerosol structure and particle

measurements

3.1 Introduction

For investigations on laser-generated aerosols it is important to know the size

and structure of the transported particles, since this influences their online mea¬

surement, diffusion or gravitational losses during transport as well as the particle

ionization in the ICP. In addition, techniques to measure and alter the particle

size distribution of aerosols were evaluated.

Aerosol particle structure. During laser ablation, two main particle formation

mechanisms are reported in the literature each resulting in different particle sizes.

A certain fraction of the ablated sample is vaporized directly from the sample

or within the laser plume and condenses in the decreasing laser plasma plume

to nm-sized particles. Theoretical calculations using condensation and nucleation

theories predict particle sizes of a few nm [192], tens of nm [193] or even hundreds

of nm [193, 194], depending on the background gas type and pressure. Calcu¬

lations indicated that particles of 3 nm in diameter are formed fOO ns after the

laser impact [195]. Unfortunately, no further information about the transported

particle sizes has been presented. However, it has already been shown that parti¬

cle diameters of several hundred nm are very unlikely since an unrealistically high

number of atomic collisions would be required for the growth process [196]. The

higher collision rate of gas species at ambient pressure leads to larger condensed

particles compared to condensation under vacuum conditions [197].

Experimentally, condensed silicon particles between 1 and 10 nm, generated by a
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KrF laser and deposited on TEMgrids, have been measured under vacuum condi¬

tions [198]. Other authors have reported glass particles with maximum diameters

between 20 and 50 nm [f 99] when using a 351 nmXeF laser in vacuum, depending

on the laser energy. Most nm-sized particles have been measured as agglomerates

on TEMgrids, but it has not been reported where the agglomeration was taking

place. However, agglomeration is very likely as soon as the particle number density

exceeds a certain value [198]. The particle number density reaches its maximum

directly after the condensation and before being diluted by the carrier gas. There¬

fore, when agglomerates are formed, it is feasible that the agglomeration starts

within the ablation cell right after the particle formation.

The second mechanism of particle generation has been described to be caused

by the direct ejection of droplets from the molten sample surface, influenced by

various interactive parameters such as laser wavelength and sample absorption

[105] as well as laser irradiation [200]. In the lower power regimes (<22 GWcm-2

ns laser ablation and a silicon sample), but above the ablation threshold, laser-

induced photomechanical stress leads to ejection of droplets, which are up to

several /xm in diameter [197]. The size and amount of these particles is strongly

influenced by mechanical and surface properties of the sample. At higher power

regimes (>22 GWcm-2 for silicon), phase explosion or explosive boiling of the

molten sample leads to large particles ejected from the sample [200-202]. On

filter-collected aerosol particles of lead, steel, glass and ceramics [f 20, 203, 204] it

has been shown that a large part of the ablated mass is transported as /xm-sized

spherical particles. Particle size measurements using different laser wavelengths

[102, 105] indicated that the particle size distribution strongly depends on the

wavelength when ablating glass samples.

Particle size distributions of laser-generated brass aerosols have been measured

before using laser light scattering or particle impaction [113]. Recent studies on

brass samples comparing the aerosols produced by ns and fs laser ablation reported

agglomerated nano-particles and single particles of up to 200 nm for fs laser pulses

[205], while particles up to several /xm have been observed for 266 nm ns laser ab¬

lation [113, 205]. However, the SEMimage of the largest particle (>2 /xm) was

insufficiently resolved for structural conclusions and could also represent agglom¬

erated particles. Furthermore, particles have been collected on a silicon surface

[205] acting as an impaction plate, which might not be representative for the over¬

all transported aerosol.

3. Aerosol structure and particle measurements
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The two mechanisms discussed lead to two mainly independent particle size distri¬

butions, which are based on nano-particles or agglomerates of them and ejected,

solidified droplets within the same aerosol. The size and agglomeration state of

the laser generated particles is shown in section 3.2.

Particle size measurement. Measuring particle size distributions of laser-generated

aerosols was found to be a challenging task since the aerosol consists of spherical

particles as well as of agglomerated nano-particles (see section 3.2).

One parameter used by particle impaction instruments for size separation is the

aerodynamic diameter (da). Impaction data of laser-generated brass aerosols have

been published for various laser conditions and gas environments [113]. The ac¬

cessible particle size range is between a few nm and several tens of microns, which

covers the entire size range of transportable particles. Collected particles can

be analyzed off-line to determine their bulk concentrations, which is very time-

consuming. Aerodynamic diameters can be transferred mathematically into phys¬

ical diameters, as long as the individual particles are assumed to be spherically

shaped and of known volume densities [206].

The electrical mobility (dTO) is another parameter used for size classification and

is measured by differential mobility analyzer instruments (DMA). This technique

allows the quasi-online detection of even f 0 nm-sized particles, but has its upper

accessible size limit somewhere below f /xm as a result of the very high voltage

required to deflect large particles. A further limitation of DMAmeasurements for

the characterization of laser aerosols generated for ICP-MS analysis is that the

use of He or Ar aerosol carrier gas restricts the accessible particle size range to

particles <200 nm because of discharges in the flight tube at higher voltages. A

change in the carrier gas type further affects the charging behavior of the particles

within the radioactive charging unit. The alternative use of different carrier gas

environments such as oxygen or nitrogen [207] makes results difficult to compare

with aerosols generated under ablation conditions as required by the ICP-MS.

Optical particle sizing by measuring scattered laser light is an alternative technique

to determine particle size distributions in laser-generated aerosols [102, 207, 208].

Suitable calibration standard aerosols are required to measure reliable size dis¬

tributions, which is difficult for metals and other dark or opaque materials. The

advantage of a fast and simultaneous size determination is further restricted by

the accessible size range, which has its lower end at approximately f 00 nm.

Agglomerates and spherical particles are present in the laser-generated aerosols

3.1. Introduction
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and have to be measured simultaneously. However, agglomerates have physical

properties different from spherical particles which influences their size classifica¬

tion. By visualizing the single particles using scanning electron microscopy (SEM),

the size and shape of particles is directly accessible [120, 199, 204, 205, 209]. How¬

ever, in these studies the particles were deposited directly on a conducting surface,

for example polished silicon, or they had to be metallized after filter deposition.

Complete and homogeneous deposition of all particle sizes on a surface is difficult,

since such a surface acts as an impaction plate and is therefore not suitable to

collect all kinds of particle sizes at a similar efficiency. Filter collected particles

are in most cases not homogeneously deposited due to the geometry of the filter

support. Direct particle classification from SEMimages will therefore not provide

a reliable particle size distribution. Section 3.3 shows that the particle size equiv¬

alent diameters determined by the individual methods show large variations, since

each technique measures a specific property of a particle for size classification.

Particle separation. Besides measuring aerosol particle sizes it is important to

have methods for the selective removal of specific particle size fractions from an

aerosol. For off-line studies this is achieved by particle impaction, which has cer¬

tain restrictions for online measurements using ICP-MS due to a pressure drop in

the device. On-line impaction in-between ablation cell and ICP, as carried out by

Liu et al. [210], raises the pressure in the ablation cell, since the ICP is always

operated at ambient pressure. Most importantly, the removal of large aerosol par¬

ticles is a precondition for ICP particle ionization studies.

Filter devices such as glass wool are easy to apply but suffer from an unspecific

removal of particles from a wide size range in addition to the large particles. There¬

fore, Figg and co-workers used a silicon tubing insert with an i.d. of 1/16 inch

coiled 32 times around a rod of 1/2 inch diameter to remove particles >0.5 /xm

from the aerosol transported to the plasma [159]. Particle separation based on

centrifugal forces has been used for various applications, including flue gas clean¬

ing in waste incineration plants, vacuum cleaners, etc. The particles separated

in these applications are usually larger than the particles produced by laser ab¬

lation and they are therefore easier to separate. These devices are called cyclone

separators, cyclone filters, or swirl tubes and can be operated with either gases

or liquids [211-214]. Problems with ionization of large particles is well known in

spark ablation combined with an ICP. Spray chambers similar to those used for

liquid aerosols have been used to separate large particles reducing signal noise but

3. Aerosol structure and particle measurements
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also intensities [215]. No results on the separation efficiency were given but it can

be assumed that the cut-off diameter is smaller when using the tubing insert pre¬

sented in this work. Furthermore, sedimentation effects of mainly large particles

within the transport tube have been observed [216]. However, sedimentation of

particles smaller than f /xm is slow and therefore not applicable for laser-generated

aerosols.

The technique using a tubing insert was selected to be the most straight forward

approach for the separation of/xm-sized aerosol particles. In section 3.4, the capa¬

bilities and restrictions of this technique were evaluated for various aerosol carrier

gases, flow settings, tube diameters and coil materials.

In contrast to the removal of certain particle fractions from the large particle side,

a diffusion battery was also evaluated for the selective removal of small particles

(see section 3.5). Particles up to several hundred nm in diameter were separated

from an aerosol by diffusion losses on a grid-insert in the aerosol transport system.

3.1. Introduction
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3.2 The aerosol structure after ns - laser impact

Published in Analytical and Bioanalytical Chemistry, 2005 [217]

3.2.1 Abstract

The aerosol structure during transport plays an important role for the fundamen¬

tal understanding and improvements of laser ablation ICP-MS. To gain further

insights into these processes, laser aerosols generated under various ablation con¬

ditions were collected on membrane filters followed by visualization of the particles

and agglomerates using scanning electron microscope (SEM) imaging. To deter¬

mine variations between different sample matrices, dark (USGS BCR-2G) and

transparent glass (NIST SRM610), CaF2 and brass (MBH B26) samples were ab¬

lated using two different laser wavelengths (193 nm, 266 nm). This section shows

that the number density of vapor-condensed nano-particles in the size range of

~10 nm is sufficiently high for significant agglomeration, leading to the transport

of agglomerates, which are in the order of 500 nm up to several /xm in size. The

agglomeration takes place immediately after the ablation within the ablation cell.

3.2.2 Experimental

Laser ablation instrumentation

The aerosols under investigation were generated using two different laser wave¬

lengths. All experiments were carried out using a beam-homogenized f93 nm ArF

excimer laser and a 266 nm 4th harmonic Nd:YAG laser (LSX 500) described in

section 2.2. Power density and spot size were set to 2 GWcm-2 (30 J cm-2) and

80 /xm for the f93 nm laser and to 2 GWcm-2 (12 J cm-2) and 100 /xm for the

266 nm laser, respectively. Both lasers were operated at a repetition rate of 5 Hz

and at power densities as commonly used for LA-ICP-MS analysis.

The samples were placed in a 30 cm3 ablation cell, which was flushed by 0.4 1 min-1

carrier gas. In most experiments, helium was selected as the carrier gas resulting

in higher sensitivities for many ICP-MS instruments when ablating silicate matri¬

ces [70, 146] due to the enhanced aerosol transport characteristics [113]. However,

glass aerosols generated under argon atmosphere were also investigated in order

to determine possible variations of the aerosol characteristics. All samples were

ablated in the single hole drilling mode.

3. Aerosol structure and particle measurements
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Particle filtering procedure

The filter was placed 0.5 mdownstream of the ablation cell to collect the aerosol

particles. The requirements for the filter material were a flat surface to ensure

good visibility of the particles by scanning electron microscopy (SEM) and a suf¬

ficient gas permeability minimizing carrier gas backpressure towards the ablation

cell. Membrane filters with a pore size of 400 nmwere found to be suitable for the

experiments (Isopore Membrane Filters HTTP0I300, Millipore, Billerica, MA).

Most important, this filter type allows SEMmeasurements without conductive

surface coating when mounted on a conductive carbon tape. The ICP-MS signal

intensities measured online were reduced by more than 5 orders of magnitude when

inserting the filter between ablation cell and ICP, indicating that the majority of

the aerosol particles were collected on the filter.

To access the bulk information about the particle sizes, fOO laser pulses were ap¬

plied. More detailed particle structures were visible when 5 laser pulses only were

applied to the sample resulting in well-separated particles on the filter surface. In

section 4.4 it is shown that the amount of small particles remains constant during

the first 100 laser pulses. However, the amount of /xm-sized particles significantly

decreased within this time period and therefore, these particles are expected to be

more numerous relative to the small particles when applying only 5 laser pulses.

SEMinstrumentation

SEMimages were taken at the microscopy center at the ETH Zurich with a Zeiss

Gemini f 530 FEGinstrument (Carl Zeiss AG, Germany) using a zirconated tung¬

sten emitter and secondary electron detection (SE+ detector). A low acceleration

voltage of f kV was used to reduce surface charging effects, which slightly lowered

the image resolution.

Samples

A NIST SRM610 glass standard reference material was selected as sample for this

study, because it is the most frequently used standard in LA-ICP-MS for quanti¬

tative analysis and particle structures of this material are therefore of particular

interest. Furthermore, other matrices including metals and non-metals were in¬

vestigated. Fluorite (CaF2) was selected due to its low absorptivity and was

compared to the high absorbing USGSBCR-2G basaltic glass standard [218]. A

3.2. The aerosol structure after ns - laser impact
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brass sample (B26, MBHAnalytical Ltd., England, Cu/Zn = 2.10) was selected as

a representative sample for metals. All non-metal samples were pre-ablated with

5 laser pulses since it has been reported that these pulses are not representative

for chemical analysis [208].

3.2.3 Results and discussion

Aerosol composition of NIST SRM610 after laser ablation

An experiment was designed to gain an overview of a NIST SRM610 aerosol gen¬

erated by using two different laser wavelengths. Particles from f 00 ablation pulses

were collected on filters to determine the overall size and shape of the aerosol

particles. The particles were not fully randomly distributed on the filter surface

possibly due to the geometry of the filter support and variations of the gas per¬

meability of the filter surface. Therefore, the absolute particle numbers and the

particle size related mass could not be correlated directly to the number of laser

pulses. However, the images shown in Figure 3.1 provide evidence for two fun¬

damentally different particle generation mechanisms. For both laser wavelengths,

a grid-like structure of particles smaller than approximately f 0 nm was observed

on the filter surface. Condensation from the vapor phase is the most probable

origin of these particles. fO nm is in the lower region of the size range expected

for vapor-condensed particles [192-195, 197-199].

In addition to condensed vapor, direct ejection of droplets has been predicted and

shown in literature to be a second mechanism for aerosol generation during laser

ablation [120, 200-204]. Such solidified droplets (henceforth referred to as 'large

particles') are transported in the aerosol together with the smaller condensed par¬

ticles and are visible on the filters, representing the aerosol generated using 266 nm

laser ablation (Figures 3.1a and 3.1b). The aerosol contains significant amounts

of spherical particles in a size range of up to 2 /xm and no significant agglomer¬

ation between these spherical particles was found. In contrast, the aerosol from

the 193 nm laser ablation (Figures 3.1c and 3.Id) shows no spherical particles

exceeding 250 nm in size (Figure 3.Id). Furthermore, these round shaped 250 nm

particles were found to be extremely rare. The major part of the aerosol produced

at f 93 nm laser wavelength consists of agglomerates of primary particles generated

by vapor condensation.

3. Aerosol structure and particle measurements
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h 2 |im c) 193 nm, He d) 193 nm, He

Figure 3.1: Filtered aerosol of NIST SRM610 glass after 100 ablation pulses. a,b)

266 nm laser, 100 /xm spot size. Large particles as well as agglomerates of nano-particles

are visible. c,d) 193 nm laser, 80 /xm spot size. Almost exclusively agglomerates of

nano-particles are visible; no spherical particles are larger than 250 nm. The pores of the

filter are visible on the images as dark areas.

3.2. The aerosol structure after ns - laser impact
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Agglomeration state of condensed nano-particles

The agglomerated nano-particles shown in Figure 3.f do not allow determination

of the origin of the agglomeration and it remained unknown whether the con¬

densed particles are transported as agglomerates, which are immediately formed

after the ablation, or if the agglomeration takes place on the filter itself during

particle deposition. Therefore, only 5 laser pulses were applied to the sample in

order to increase the distance between deposited particles on the filter. Figures

3.2a (266 nm) and 3.2b (193 nm) show almost 'clean' filters containing only a few

well-separated spherical particles and agglomerates of nano-particles. Again, the

observations for 266 nm and f93 nm laser ablation (Figure 3.1) that large parti¬

cles are formed at 266 nm are supported for the low number of laser pulses. The

agglomerates, however, appear comparable in size (approximately 0.5 - 2 /xm) and

are similar in their structure for both wavelengths. This is a strong indication

that a significant portion of the ablated material undergoes the same fundamental

process of condensation. It can be assumed that the particle number density of

condensed particles is high enough for agglomeration within or close to the laser-

induced plasma, or during aerosol transport.

Figure 3.1b shows that the large, spherical aerosol particles generated at 266 nm

have a smooth, unstructured surface. Agglomerates attached onto the particle

surface (Figure 3.1b) and single agglomerates (Figure 3.2b) are similarly shaped

and are apparently captured by the spherical particles during the aerosol trans¬

port or on the filter after deposition.

To assign the formation of the agglomerates to the ablation cell or the aerosol

transport, particles were generated under zero gas flow conditions within the ab¬

lation cell using about fOO laser pulses at 193 nm. Hereafter, the particles were

flushed onto the filter. Agglomerates generated with a longer residence time within

the ablation cell were expected to be larger due to the continuously growing aerosol

particle number density in the ablation cell. The filter-collected agglomerates gen¬

erated using the two flow regimes (Figures 3.2c and 3.2d) show significant differ¬

ences in their shape. While the particles agglomerated under constant flow lead

to grid-like structures as already shown in Figure 3.1c, larger and more compact

agglomerates are formed using zero gas flow conditions. This is another indication

that particle agglomeration can take place within the ablation cell and is not a

result of the filter collection process. Further experiments with various carrier gas

flow rates between O.f and f 1 min-1 gave no further indication for a change in size

3. Aerosol structure and particle measurements
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Figure 3.2: a,b) Filtered aerosol of NIST SRM610 glass after 5 laser pulses showing

well separated particles and agglomerates, a) Particles and agglomerates generated by

266 nm laser ablation (100 /xm spot size), b) Agglomerates generated using 193 nm laser

ablation (80 /xm spot size), c) Filter-collected aerosol after 100 laser pulses (193 nm)

transported using continuous gas flow, d) Agglomerates generated by about 100 pulses

under stopped gas flow conditions, subsequently flushed to the filter after terminating

the ablation. The pores of the filter are visible in the images as dark areas.

3.2. The aerosol structure after ns - laser impact
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of the agglomerates. The fact that the aerosol dilution does not affect the aerosol

particle sizes supports the finding that the agglomerates are formed immediately

after the condensation of their primary nano-particles is completed.

Aerosol structure of dark BCR-2G basaltic glass

The particle formation for NIST SRM610 glass and the BCR-2G reference ma¬

terial was compared using 266 nm and f93 nm ablation for aerosol generation.

Figure 3.3 shows the agglomerates of BCR-2G. Filter-collected agglomerates of

nano-particles show no significant differences in size and shape for the two abla¬

tion parameters. The shapes of the agglomerates are similar since both materials

consist of a silicate matrix and differ mainly in their optical properties. The ab¬

sorptivity determines the penetration depth in BCR-2G, which is small enough

for both wavelengths to achieve complete vapor transition of the ablated sam¬

ple material. Therefore, larger particles are absent for this high absorbing glass.

Such exclusive vapour condensation and agglomeration can generally be assumed

for high absorbing non-metal samples at the power densities used within these

experiments.

1 2 |im a) 266 nm, He i 2 jim b) 193 nm, He

Figure 3.3: Filtered aerosol of a BCR-2G basaltic glass of 100 laser pulses, a) 266 nm.

b) 193 nm. In contrast to NIST SRM610, no spherical particles are visible for both

wavelengths. However, the shape of the agglomerates is comparable to NIST SRM610

due to the similar silicate matrix.

Transparent Fluorite (CaF2)

Pure fluorite is one of the most transparent materials in the VUV. Since it has

been shown on the NIST SRM61X standard glass series that more large, spherical

particles in the /xm range are generated in the order 266 nm >213 nm >193 nm
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on absorbing samples [105], an increased presence of these particles was expected

for the more transparent CaF2. Figures 3.4a and 3.4c show that even f93 nm

ablation produces significant amounts of particles of up to 2 /xm in diameter that

are deposited on the filter. However, besides the spherical particles in the /xm

range, a significant amount of agglomerates was also deposited on the filter, which

were different in shape compared to agglomerates produced from the glass samples

(Figures 3.f to 3.3). While the agglomerates of ablated silicates are fractal-like in

structure, the agglomerates of CaF2 are larger and more cotton-like in structure

(Figure 3.4b). This indicates that for each sample matrix, differently structured

agglomerates can be expected, which might behave differently within the ICP.

Furthermore, it is important to mention that if agglomeration were to take place

on the filter, then such matrix-dependent particle structures would be difficult to

explain.

i i 4 (xm b) 193 nm, He

Figure 3.4: Filtered aerosol of transparent CaF2 ablated with a 193 nm laser after 100

laser pulses (a) and after 5 laser pulses (b) at 80 /xm spot size. Large particles (a) as well

as cotton-like structured agglomerates are formed (b). (c) shows a filter region where

preferentially large particles have been deposited.
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50

2 |im c) 193 nm, He

Figure 3.5: a) Filtered aerosol of brass (B26) after 266 nm ablation at 2 GWcm~2

(100 pulses). Under these conditions, no large particles are generated. B) After 5 pulses,

well-separated agglomerates are deposited on the filter, c) During 193 nm ablation at

2 GWcm~2, spherical particles as well as agglomerates are generated.

Brass sample

The SEMimages of laser generated and filter-collected brass aerosols indicate that

vapor condensation is the predominant particle formation mechanism for ns laser

ablation at 266 nm (Figure 3.5a) and f93 nm (Figure 3.5c). Figure 3.5b shows the

almost fractal-structured agglomerates of nano-particles, which are comparable

for both laser wavelengths. Furthermore, the brass agglomerates are comparable

in size and structure to the silicate particle agglomerates. A variable amount of

large, spherical particles is transported together with condensed vapor, depending

on the selected operating conditions of the laser. At 266 nm laser wavelength,

power densities of 0.25 and 2 GWcm-2 generate almost exclusively condensed

and agglomerated particles, while power densities of 0.75 and f .3 GWcm-2 lead

to agglomerates as well as to large, spherical particles in the /xm range.

A similar effect was measured for f93 nm laser ablation, where at lower power
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densities (<0.3 GWcm-2) exclusively vapor is generated. However, no upper

power density limit for complete vapor transition of the sample was measured at

f 93 nm and 2 GWcm-2. With respect to the vaporization and ionization of the

aerosol particles in the ICP, laser energies leading to small particles or agglom¬

erates are preferable for LA-ICP-MS. However, different studies have reported

non-stoichiometric aerosol compositions at low laser energies [109, 113, 219] indi¬

cating that two sources of elemental fractionation can be observed (laser-induced

and ICP-induced). Therefore, high power densities at 266 nm, which also produce

exclusively small aerosol particles, are preferable for quantitative analysis. More

accurate results have also been reported using fs lasers for ablation [113], indicat¬

ing that for metals, the pulse duration is the dominating parameter for the laser

sampling process.

Influence of the carrier gas on the particle size

Eggins et al. [146] and Günther et al. [70] reported a 3-5 fold increase in ICP-MS

signal intensity at 193 nm by using helium as carrier gas instead of the commonly

used argon. Furthermore, particle size measurements by Horn et al. [175], as well

as ICP signal intensities, indicated that the carrier gas shifts the particle size dis¬

tribution towards smaller particles when using helium. Therefore, NIST SRM610

glass was ablated at f 93 nm using argon and helium as ambient gases during the

ablation and as carrier gas.

When comparing the particles deposited on the filter for both carrier gases, it

becomes obvious that the amount of deposited material after 500 laser pulses in

argon (Figure 3.6a) is comparable to fOO pulses in helium (Figure 3.1c). Consid¬

ering the similar ablation rates of the laser for the two carrier gas environments

[220], this indicates that the use of helium significantly enhances the transport

efficiency of the aerosol particles. The reduced transport efficiency in argon is

accompanied by an enlarged deposition of particles on the sample surface around

the ablation crater [175]. The size and shape of the deposited particles seem to be

independent of the carrier gas properties (Figure 3.6b). The resolution of the SEM

is insufficient to resolve particle size changes of primary particles below fO nm,

which might exist. However, a changed particle size within the low nm range is

not expected to change the vaporization behavior in the ICP and could therefore

be tolerated in LA-ICP-MS.

3.2. The aerosol structure after ns - laser impact
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1 2 (im a) 193 nm, Ar i 1 400 nm b)193nm, Ar

Figure 3.6: Filtered aerosol of a NIST SRM610 glass generated by 193 nm laser

ablation in argon atmosphere after 500 shots (a) and after 5 shots (b) at 80 /xm spot

size. The amount of particles on the filter after 500 shots in argon (a) is comparable to

helium after 100 shots only (Figure 3.1c), indicating that the transport efficiency in

argon is significantly lower. The shape of the agglomerates (b) is comparable with

agglomerates generated in helium (Figure 3.2b).

Conclusions

Data presented in this section demonstrate that the two main particle generation

processes described in literature are in competition during laser ablation. One

process leads to spherical particles in the /xm range, which is critical since these

particles show a stoichiometry different from the sample and cannot be vapor¬

ized and ionized completely in the ICP (see chapter 4). This process is strongly

wavelength-dependent. By another process, condensed particles of around f 0 nm

are formed, which immediately agglomerate to /xm-sized agglomerates before be¬

ing transported to the ICP. This is a very important finding, since this heavily

influences the results of different techniques used for particle size classification as

explained in the following section (3.3). Furthermore, non-agglomerated nano-

particles would suffer more pronounced diffusion losses in the transport system

during aerosol transport compared to large agglomerates [113].
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3.3 Measuring particle size distributions of laser - gen¬

erated aerosols

Published in the Journal of Analytical Atomic Spectrometry, 2005 [221]

3.3.1 Abstract

Knowledge about particle sizes in laser-generated aerosols is required to better

understand non-stoichiometric effects that occur during LA-ICP-MS. However,

published particle size distributions measured by different techniques provide an

inconclusive picture, since measurements are based on different physical prop¬

erties of a particle. This is especially the case for the size determination of

agglomerated nano-particles, which contribute significantly to the total particle

mass transported to the ICP. While their aerodynamic diameters measured by

particle impaction are always smaller than their volume equivalent diameters (da

<d^e), electrical mobility diameters determined by differential mobility analysis

(DMA) are significantly larger than the corresponding volume equivalent diame¬

ters (dTO >d^e). This leads to large discrepancies between measured da and dm

values, which is shown within this work on brass aerosols generated by laser abla¬

tion. Results of light scattering measurements, which is a quick and simultaneous

method, show particle diameters in between impaction and DMAdata. However,

it is important to know that the different methods are not in contradiction to each

other, but measure specific physical properties of a particle and complement each

other.

3.3.2 Theoretical considerations

One task for particle size measurements in LA-ICP-MS is the mass and size deter¬

mination of the aerosol particles. The mass is important since it is proportional

to the ICP-MS signal intensities, as long as complete vaporization and ionization

of the aerosol within the ICP is assumed. The mass is calculated from the volume

equivalent diameters d^e of the particles and the particle densities, which is not

accessible directly by any method for non-spherical particles [222]. This compli¬

cates the mass determination of agglomerates as generated during laser ablation.

Deviations of the determined particle diameters from d^e depend strongly on the

technique used for size classification as explained below. The working ranges for

the three instruments used within this study are shown in Figure 3.7.

3.3. Measuring particle size distributions of laser - generated aerosols
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Figure 3.7: Performance figures for the three instruments described within this study.

(DMA: Differential Mobility Analysis. OPC: Optical Particle Counter. DLPI:

Differential Low Pressure Impactor.)

Particle impaction

Particles collected by impaction for off-line analysis are separated according to

their aerodynamic diameter da. However, da depends on the pressure of the gas

environment, which is especially important for low-pressure impactors, where the

pressure changes towards the collection stages of smaller particles. Furthermore,

aerodynamic diameters increase when the particle densities are increasing and

decrease with increasing divergence from the spherical shape [222]. As a conse¬

quence, agglomerates are collected and classified to be significantly smaller than

their actual d^- In fact, they are classified close to their primary particle size as

long as they are formed according to the rules of fractal growth [223].

The important parameter for impaction is the so-called relaxation time, which

refers to the time needed by the particle to re-track the stream lines after be¬

ing accelerated within the jet nozzles of the impaction stage. As pointed out by

Gulijk et al. [224], two particles with significantly different d^e values can show

equal da therefore following similar trajectories during impaction. Regarding, for

instance, a mixture of variably shaped particles as present in case of laser-ablated

material, spherical particles as small as 30 nm and /xm-sized agglomerates may be

collected on the same impaction stage. In a hypothetical pulse counting mode of

the impactor, this would result in reduced particle counts relative to the deposited

mass.1

1ln fact, low-pressure impaction can be combined with electrostatic detection of re-charged

aerosol particles, as described by M. Marjamäki et al. [225]. Such an arrangement, however,

rests on analogue current measurements and does not allow for event or pulse counting.
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Nevertheless, the absolute mass of impacted particles and their elemental compo¬

sition can be determined by chemical analysis of collected material even if par¬

ticles collected are totally different from their actual d^- The resulting mass or

number distributions should therefore represent a good approximation of volume-

equivalent particle diameters with respect to the primary aerosol before the ag¬

glomeration took place. For LA-ICP-MS measurements it can be assumed that

the evaporation efficiency of linear or cotton-like structured agglomerates within

the ICP is similar to their primary particles as a result of the small volume-to-

surface ratio of the agglomerates. As a consequence, particle impaction can be

regarded as a suitable technique for off-line aerosol studies.

Differential Mobility Analyzer (DMA)

When applying an electrical field to a charged aerosol particle, a well-defined drag

force per charge is moving the particle with a velocity depending on its electrical

mobility diameter dm [226]. In a constant electrical field as applied in a DMAin¬

strument, particles are separated according to their dm, if a defined charge of the

particles is assumed. This charge is applied by a bipolar diffusion-charging unit

using /3-radiation for ion generation. The initial charge of the aerosol particles

can therefore be neglected. The mass density of a particle has no influence on dm,

since the final particle velocity in the electric field is reached almost immediately

[222, 226]. This migration velocity depends exclusively on the aerodynamic resis¬

tance of the carrier gas. DMAmeasurements are performed at ambient pressure,

and the dependence of the migration velocity on the pressure can therefore be

neglected.

However, the particle shape has a large influence on the mobility diameter dm in a

way that an increasing deviation from the spherical shape is increasing dm relative

to dve- This means that for agglomerated particles dm >dve is always valid. A

topic, which is still under discussion, is the influence of the particle orientation

during migration [226, 227]. Especially for mostly linear agglomerates, as they

have been shown for several laser ablated materials in section 3.2, this could fur¬

ther affect the size classification.

Whencomparing DMAand impaction particle size measurements of non-spherical

particles, there will always be some discrepancy between measured da and dm val¬

ues. In general, there is dm >da due to the above-named reasons, which has
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already been shown in the literature [228-230]. For a soot aerosol, which is com¬

parable in particle shape to agglomerates produced by laser ablation of glass or

brass, the difference between da and dm was calculated to be up to a factor of f 3,

depending on the particle size [224].

Optical particle sizing

Measurements of the optical equivalent diameter ds using a laser light source are

based on three different types of light scattering. Geometric scattering occurs if a

particle is significantly larger than the wavelength of the scattered light, which is

in general the case for particles above f /xm. For this size region, the scattering

angle is in relation to the particle size. For particle sizes similar to the wavelength

of the scattered light, Mie scattering dominates. Refracted light is scattered in all

directions (strictly valid only for non polarized light), but mainly in the direction

of the laser beam. For smaller particles, the fraction of forward scattered light is

reduced (Rayleigh-scattering) and scattering intensities decrease by a 4th power

function with decreasing particle size. Therefore, the more intensive intra-cavity

laser light scattering is measured for enhanced sensitivity of particles in the range

of fOO nm or below.

In general, instruments are calibrated using mono-disperse polystyrene latex sphe¬

res (PSL) with refractive indices of 1.5-1.6. Therefore, spherical glass particles can

be classified satisfactorily, due to the fact that refractive indices of glass are in the

same range. However, since the refractive index mainly influences the forward

scattered light and the OPCused within this study only detects the backscattered

light (scattering angle >35°), the refractive index has a minor influence on the

results [231]. For agglomerates with a primary particle size smaller than the laser

wavelength, light scattering is mainly a particle volume effect independent of the

particle shape [231]. This was shown experimentally for agglomerates of up to

6 spheres, where the measured ds was measured to be equal to d^e with an un¬

certainty of 3 % [232]. The resolving power of the instrument was insufficient to

resolve larger agglomerates. However, as an extrapolation of these results, mea¬

sured ds values of laser-generated agglomerates are a first approximation for d^e

and can be used to estimate the total transported particle volume. It must be

mentioned that ds diameters give no indication for the primary particle size of the

agglomerates.
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The three techniques described here are amongst the most popular methods for

particle size determination. However, other techniques have to be mentioned as

well and provide additional information about the aerosol. These are for example

electrical low-pressure impaction (ELPI) or diffusion batteries (see section 3.5).

3.3.3 Experimental

Laser ablation instrumentation

The aerosols for comparing impaction and light scattering methods were generated

by a beam-homogenized f93 nm ArF excimer laser (Geolas M, see section 2.2).

A crater diameter of 63 /xm, energy densities of f5 J cm-2 or 5 J cm-2 at fO Hz

repetition rate and single hole drilling ablation mode were selected for the exper¬

iments. The sample was placed in a 30 cm3 ablation cell flushed by f 1 min-1

helium carrier gas. Particle size distributions were measured about two meters

behind the ablation cell. Further details of the experimental setup including the

associated gas flows are shown in Figure 3.8.

N2 (Dilution ,
1.0 l/min)

Rotating disk dilution : 1/10 -^^ _^

Waste (0.7 l/min)

DMA (0.3 l/min)

Waste (1.0 l/min)

Impaction

i Waste (1.0 l/min)

OPC (0.2 l/min)

Rotating disk dilution : 1/100
-""' ""*"

Waste (°-8 |/min)

He ( Dilution
,

1.0 l/min)

Figure 3.8: Schematic drawing of the experimental setup. For all techniques, the

distance between ablation cell and particle measurement was about 2 meters.

Sample

Metal samples were selected for the experiments, since impactor-collected metal

particles are very easy to digest as described before [113]. For the comparison

of impaction and light scattering data, a NIST SRMIf07 brass standard ref¬

erence material was used (61.2 % Cu, 37.3 % Zn). Further comparison with a
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DMAinstrument was performed using a very similar brass standard (B26, MBH

Analytical Ltd. England, 62.9 %Cu, 30.0 %Zn).

Impaction

Brass particles were classified using a commercial f 3-stage low-pressure impactor

(DLPI, Dekati, Tampere, Finland). Particles from fO /xm down to fO nm da were

separated over a pressure gradient of 900 mbar, starting at ambient pressure. For

the brass sample with a volume density of 8.6 g cm-3, this size range shifts to

3 /xm down to 4 nm as described in literature [233]. The first stage acts as an

inlet impactor and collects particles larger than 3 /xm. The flow rate required for

impaction was fO 1 min-1, consisting of f 1 min-1 helium aerosol carrier gas mixed

with 9 1 min-1 air taken directly from the clean room environment (class fOO).

Particles were collected on high-purity polycarbonate membranes (Nuclepore, Corn¬

ing, Bodenheim, Germany), acid digested and measured by TXRFas described by

Koch et al. [113]. For particle imaging using scanning electron microscopy (SEM),

the polycarbonate membrane was replaced by a membrane filter (Isopore Mem¬

brane Filter HTTP01300, Millipore, Billerica, MA). Particles deposited on the

membrane filters by impaction were subsequently visualized by scanning electron

microscopy without any conductive coating as described in section 3.2.

Optical Particle Counter (OPC)

OPCmeasurements were carried out using a 32-channel HS-LAS instrument de¬

scribed in section 2.3. The aerosol flow was adjusted internally to 0.2 1 min-1.

The aerosol was diluted f00-fold with helium by a bucket wheel diluter (see sec¬

tion 2.4) before entering the instrument to ensure count rates below 8000 CPS as

required by the manufacturer of the OPC.

Differential Mobility Analyzer (DMA)

Electrical mobility diameters dm were measured by a TSI scanning mobility par¬

ticle sizer (see section 2.3). Helium as an aerosol carrier gas restricts the mea¬

surement range to <~200 nm, since the higher voltage required for larger particles

would result in discharges in the separation tube. The aerosol was diluted fOfold

with nitrogen by a bucket wheel diluter to avoid such discharges and, therefore, to

enlarge the measurement range. In normal operation mode, particles larger than
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the upper size limit are separated from the aerosol by an inlet impaction plate

to eliminate the influence of multiply charged, large particles from outside the

measurement range. Since in laser generated aerosols, most of the particles are

agglomerates and da <dTO as described above, this separation does not work and

multiply charged agglomerates are expected to be present in the aerosol (~5 %).

Therefore, a mathematical correction for multiply charged particles based on the

removal of large particles by the inlet impactor is not applicable.

3.3.4 Results and discussion

Particle Impaction

Particles from 20 single spot ablations, 300 shots each at an energy density of 5

and 15 J cm-2, were collected, digested and measured by TXRF [113]. Figure 3.9

shows the corresponding size distributions. For both energy densities, a particle

size maximum was measured at 20-30 nm, which is in agreement with data pub¬

lished elsewhere [113]. However, this is in contradiction to the small amount of

particles measured within this size range on filter-collected aerosols (section 3.2).

According to the concept of corresponding relaxation times of nanoparticles and

/xm-sized agglomerates (see theoretical considerations) it is evident that /xm-sized

agglomerates are impacted on those stages that are specified for the deposition

of fO to 30 nm sized particles. Particles deposited on these stages showed a Zn

enrichment of about 30 % (f 5 J cm-2) relative to Cu, which is in agreement with

previously published work [113] (see also section 4.2). However, the total compo¬

sition of the aerosol could be improved to a deviation of less than 5 %relative to

the brass standard ablated when using f 5 J cm-2 energy density.

SEMimaging of particles collected on the 30 nmplate showed chain-like agglomer¬

ates of a length of up to f .5 /xm (Figure 3.10a). To ensure that the agglomeration

was not taking place on the impaction plate itself, 5 ablation pulses only were ap¬

plied to the sample to visualize their shape and structure on the filter. Randomly

distributed and well-separated agglomerates were found on the membrane filter.

For f 5 J cm-2, a second maximum of the particle size distribution was detected

at particle sizes of about f .5 /xm, which was not the case at lower laser energies.

This maximum was assigned to large, spherical particles, which were ejected from

the ablation site as liquid droplets. However, the collected aerosol on the 540 nm

impaction stage (Figure 3.10b) showed spherical particles, which were about 40 %

smaller than the expected diameters after density correction. None of these parti-
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Figure 3.9: Normalized particle mass distribution in brass aerosols measured by

particle impaction. For 5 J cm~2, the very uniform amount of collected particles above

0.1 /xm is an indication for diffusion losses of smaller particles on these collection plates.
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cles was larger than 300 nm in diameter, which can partially be explained by the

slightly reduced gas density in the separation flight tube due to the helium mixed

with air. Therefore, the maximum in the particle size distribution measured at

f .5 /xm can be expected at a slightly lower physical particle diameter.

-
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.ng
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Figure 3.10: Particles collected by impaction at a da of 30 nm (a) respectively 540 nm

(b). Aggregates with a da of 30 nm can have a physical dimension of up to 1.5 /xm (a).

Dark areas represent the pores of the filter used for particle collection.

DMAmeasurements

Measurements of electrical mobility diameters dm take at least f minute per scan.

Therefore, continuous aerosol production was required, as it can be generated using

scanning ablation (fO /xm s-1). For this particular reason, the ablation mode

was changed according to the demands of the DMA. A comparison with OPC

data indicates a very similar volume distribution for scanning (MBH B26) and

single spot drilling (NIST SRM1107) experiments, even though slightly different

standards were used (Figure 3.13a,c). However, the agglomerates seem to be 20-

30 %larger in scanning ablation mode. Measured particle volumes based on dm

for 15 J cm-2 and 5 J cm-2 are plotted in Figure 3.11. The two size distributions

show no large variations, but are significantly different from the size distributions

measured by particle impaction. The maxima of the particle volume distribution

were measured at a dm of 230 nm and 300 nm, respectively. This is about fO

times higher than determined by particle impaction (dTO <~f0x da).

Visualized particles collected on filters before entering the CPCindicate that the

particles are mostly very fine structured agglomerates (Figures 3.12a,b), which are

supposed to show lower d^e than the measured dm. Spherical particles in the /xm

range as present in case of f 5 J cm-2 ablation are few compared to the number of
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Figure 3.11: Normalized particle volume distribution of brass aerosols based on

electrical mobility measurement (DMA). Large, spherical particles are measured at

similar particle sizes as agglomerated nano-particles.
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Figure 3.12: SEMimages of particles with dm = 100 nm (a) and dm = 400 nm (b)

separated by the DMA. Particles were collected on membrane filters before entering the

CPC. Particles with a dm of 100 nm show a physical dimension of about 300-400 nm,

while particles with a dm of 400 nm are about 800 nm in diameter. Dark areas represent

the pores of the filter used for particle collection.

agglomerates and do not, therefore, contribute significantly to the particle counts.

Since dm is always larger than d^e, the particle volume will be overestimated by

calculations based on dm. However, this technique is probably the most suitable

online method to determine the size of the agglomerates. Physical diameters are

mostly about 2-4 times larger than the measured dm, as shown in Figure 3.f2,

while aerodynamic diameters da can deviate by a factor of up to 50.

Light scattering

Normalized particle volumes of 300 ablation pulses calculated using measured ds

diameters at energy densities of f 5 J cm-2 and 5 J cm-2, respectively, are shown

in Figure 3.f3. Particle volume maxima at 85 nmcan be assigned to agglomerates,

since they have been measured at a similar position for both laser conditions, while

large, spherical particles are present in case of f 5 J cm-2 only. Measuring a f /xm

agglomerate at a ds of 85 nm would mean that for ds ~ d^e, a f /xm agglomerate

consists of about 500 primary f 0 nm particles (equivalent in mass to one 85 nm

sphere). At an energy density of 15 J cm-2, spherical particles were detected to

be between 500 nm and f /xm in diameter, which was about 40 %lower than their

size measured by particle impaction. These results supported the findings of the

impaction experiments indicating that spherical particles of brass were classified

to be slightly larger than their actual physical diameter.

Fluctuations in the particle size distributions shown in Figure 3.f3 at fOO nm
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Figure 3.13: Normalized particle volume distribution of brass aerosols measured by the

OPC(A, B). C shows the size distribution generated under scanning conditions, where

the agglomerates are slightly enlarged in comparison to single spot ablation.
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are caused by a doubled channel width of the instrument leading to more particle

counts in the larger channels. Changes of the channel width at 200 nm, 400 nmand

500 nm were not as pronounced, since the low number of large particles and the

related counting statistics led to more fluctuating signals towards larger particle

sizes.

3.3.5 Conclusions

The measurement techniques chosen for this study provide complementary infor¬

mation about the laser-generated aerosol particles. It was shown that particle

impaction allows the exact determination of the transported mass per size frac¬

tion and their elemental composition. Furthermore, agglomerates were classified

close to the size of their primary particles, which was in the order of a few tens of

nm for laser-generated aerosols. A clear disadvantage of this method is that the

measurements have to be performed off-line.

DMAinstruments classify agglomerates to be close to their physical diameter,

which was far above their volume equivalent diameter due to the fluffy structure

of the agglomerates. The mass of the transported particles could therefore not be

determined accurately.

OPC instruments provide for agglomerates particle diameters in good approxi¬

mation to the volume equivalent diameters d^e, since the scattering efficiency for

particles smaller than the wavelength of the scattered light is mainly a function of

the particle volume and not of the particle shape. However, refractive indices of

the sample matrix have a minor influence, if the instrument collects the backscat-

tered light only as is the case for the HS-LAS instrument used for this study. Since

it is known that the particle size distribution changes with progressive ablation

time [234], online and simultaneous particle measurement techniques are impor¬

tant to understand the ion signal formation within the ICP.

Table 3.1: Summary of particle volume maxima measured by different methods For

agglomerates is da <ds <dm always valid

Measurement 15 J cm
-2 5 J cm~2

technique Agglomerates Spherical Particles Agglomerates

Impaction (da) 20 nm 1 5 /xm 30 nm

DMA(dm) 230 nm n/a 300 nm

OPC(ds) 85 nm 0 65 /xm 90 nm

3.3. Measuring particle size distributions of laser - generated aerosols
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Figure 3.14: Schematic drawing of the response function of the different measurement

techniques for an aerosol consisting of agglomerates only. Mean particle sizes vary by

approx. one order of magnitude, peak areas are not representative for the measured

particle volume.

All techniques discussed here contribute significantly to the general understanding

of aerosol particle size distributions. Each technique determines a specific para¬

meter of a particle leading to significant differences in the resulting particle size

distributions (Table 3.1 and Figure 3.14). In the case of laser-generated particles,

impactors and optical particle counters are able to distinguish between spherical

particles and agglomerated nano-particles, while the two types of particles were

classified to be similar in size by DMAmeasurements.

3. Aerosol structure and particle measurements
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3.4 Description of a particle separation device.

Published in Spectrochimica Acta, Part B, 2003 [235]

3.4.1 Abstract

The particle size distribution of laser-generated aerosols depends on the wave¬

length, the energy density and the pulse duration of the laser, as well as the sam¬

ple matrix and the carrier gas environment. The size of the particles affects the

vaporization and ionization efficiency within the ICP. Therefore, the separation of

large aerosol particles was a precondition for ICP ionization studies. This section

describes a particle separation device based on centrifugal forces in a coiled tube.

The particle cut off size was changed from f /xm down to 0.3 /xm by changing the

number of turns in the separation coil as well as by changing the tube diameter

and the carrier gas flow.

3.4.2 Experimental

Aerosols were generated using a beam homogenized 266 nm Nd:YAG laser ab¬

lation system (details in section 2.2). Most of the work was carried out using

helium as carrier gas. However, a comparison between argon and helium was also

performed. The laser was operated at a f 0 Hz pulse repetition rate and an energy

density of 20 J cm-2. The crater diameter was 70 /xm, with a total ablation time

of 60 s, which is typical for many routine applications.

The particle size distributions were measured using a Lasair fOOf (details in sec¬

tion 2.3). The particle counts of 60 s were summed and the total aerosol particle

volume was calculated for each size channel of the instrument. The calculated

particle volume was gas flow corrected since the gas flow used for the particle

measurement system is only 0.285 1 min-1 of the total carrier gas flow. The sam¬

ples (NIST SRM612 and brass sample MBHB26) were placed in a 30 cm3 ablation

cell. The particle size distribution was measured after the particle separation de¬

vice, consisting of a 0.5 mlong silicon tubing (Tygon) with an i.d. of 0.9 mmand

o.d. of 3 mm. This tube was wrapped around a glass rod having a diameter of

6 mm. Various numbers of turns forming a coil (0 to f 4) were studied. The gas

flow was maintained constant at f.O 1 min-1.

A similar experimental set-up using two different stainless steel tubes (o.d. 1.1 mm,

i.d. 0.65 mm, 10 cm length, syringe needle supplied by Misawa Medical Indus-

3.4. Description of a particle separation device.
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try Co. LTD. Tokyo, Japan or i.d. 0.65 x 70 mmlength, Sterican®, B.Braun

Melsungen AG, Melsungen, Germany). The length of the syringes allowed two

turns with a diameter of 6 mm. The tip of the needle was placed in a rubber

stopper inserted in a syringe, which allowed to reconnect the aerosol stream to

a tube (4 mmi.d.) as is normally used in LA-ICP-MS for the aerosol transport

(Figure 3.15 and 3.16). It is important to note that some very similar steel needles

(TSK - Supra, Tochigi, Japan) were not able to reproduce the data shown here,

even though the differences between these needles appear to be insignificant. It is

suggested that the surface roughness of the inner side of the tube may influence

the particle separation.

'/Needle wffi 2* winding!"

From cell
'-To'Landr

Figure 3.15: Image of the particle separation device for laser induced aerosols.

In a separate experiment, three different gas flows (0.51, 1.02 and 1.55 1 min-1)

were investigated using both a coiled and a straight tube. To generate an en¬

hanced number of larger particles, a relatively transparent NIST SRM612 glass

was selected as a sample. A stable aerosol particle size distribution was ensured

by raster mode ablation for 200 s at ffO /xm crater diameter and a translation

speed of 5 /xm s-1). The particles collected in the tubing were remobilized in

order to minimize memory effects by using an ultrasonic vibration source, which

was applied periodically to the coil of the particle separation device for 30 s. The

ICP-MS response of this increased amount of large particles was used to study the

influence of the particle size in the ICP.

3. Aerosol structure and particle measurements
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Tygon tube

4 mmi.d.

Top view

Rubber

stopper

Syringe
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Figure 3.16: Schematic drawing of the particle separator.

Particle Size / nm

Figure 3.17: Particle size distribution of brass MBHB26 using the separation device.

The graphs show the filtering efficiency in dependence on the number of turns.

3.4. Description of a particle separation device.
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3.4.3 Results

Particle cut-off sizes between 0.3 /xm and f /xm were adjusted at the gas flow con¬

ditions described by the number of turns and the coil diameter. This is shown

for the ablation of brass MBHB26 (Figure 3.17). The number of particles in the

smallest size channel of the particle measurement system increased when up to 5

turns of the coil were used and decreased when more than f 4 coils were used. The

increase of small particles for up to 5 turns can be explained by an overloading

effect of the particle measurement system. This leads to coincidence errors (see

section 2.3), resulting in a shift of the smaller size channels towards larger particle

sizes. However, the decrease in the transport of the smallest particles using a coil

of f 4 turns is likely to be caused by the previously mentioned particle separation

effect. These observations were not sample dependent because similar results were

obtained for the separation of aerosols produced from NIST SRM612 glass and

of MBHB26 brass. Nevertheless, the volume density of the particles is supposed

to influence the separation.

Brass stralgth
Brass 2 turns

- Nist612straigth
-V — Nist612 2turns

1.0

Particle Size / nm

10.0

Figure 3.18: Reproducibility of the particle size distribution or separation efficiency

with straight and coiled needle. Values represent 5 replicate ablations on NIST SRM612

and brass MBHB26. Helium was used as carrier at a flow rate of 1.35 l/min. 2 s.d.

error bars.

The reproducibility of the particle separation was tested using the steel coil. Five

replicate ablations using NIST SRM612 glass and MBHB26 brass were exam-

3. Aerosol structure and particle measurements
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ined and the mean particle size distribution calculated. For the straight metal

tube each channel of the particle measurement system resulted in a relative stan¬

dard deviation of less than 15 % for a 60 s ablation (Figure 3.18). When using

the metal coil, an increase of the relative standard deviation from the O.f-0.2 /xm

channel (f %for brass, 7 %for the glass) to the 0.5-0.7 /xm channel (over fOO %

for both samples) was measured. However, the increase in the relative standard

deviation seems to be counting statistic limited. There were only a very small

number of detected particles with sizes larger than 0.3 /xm.

Argon 2 turns

Argon no turns

Helium no turns

Helium 2 turns

Particle Size / nm

Figure 3.19: Influence of the carrier gas on the particle size separation of brass MBH

B26 ablation.

Figure 3.18 shows also matrix-dependent particle size separation for the two differ¬

ent matrices examined. Identical conditions (number of coils, gas flow, and laser)

lead to particle size separation, which is a function of the mass of the individual

particle fractions. For example, the cut-off size for the more dense brass sample

was lower than for the glass sample. Experiments carried out in argon resulted in

a similar, but less pronounced particle separation effect in comparison to helium

(Figure 3.19). In argon, the cut-off size (maintaining the separation device with

a constant number of coils) was determined to be 0.3 /xm larger than for helium.

This effect is attributed to the higher density of argon (1.784 g l-1) compared

to helium (0.1784 g l-1). The gas flow through a straight and coiled stainless

steel tube was varied (Figure 3.20), and the particle size separation was found

3.4. Description of a particle separation device.
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Figure 3.20: Particle size distribution of NIST SMR612 reference glass in dependence

on gas flow through a straight needle and a two - times turned needle.

to be a function of the gas flow. The higher the gas flow through the tube, the

smaller was the particle fraction transported through the device, which indicates

that centrifugal forces are responsible for the separation of the larger particles.

Furthermore, it was possible to decrease the separation efficiency by increasing

the tube diameter. Replicate measurements using the brass sample (30 minutes

of ablation) showed no change in the separation efficiency and no clogging effect

of the tube. The larger particles trapped inside the tubing were not flushed out

by reducing or increasing the gas flow demonstrating that this set-up has no sig¬

nificant memory effect.

Particle remobilization was studied by applying a high power ultra sonic vibration

to the tube. Results of a 200 s raster ablation using a NIST SRM612 sample

while using the particle separation device and monitoring the ICP-MS signal si¬

multaneously together with the particle size distribution is shown in Figures 3.21

and 3.22. The MSsignal was, as expected for raster ablation, very stable due to

the constant sample ablation and transport into the ICP. The U/Th signal inten¬

sity ratio was 0.99, which is close to the expected value for complete ionization

of the aerosol particles. The measurements show that no particles larger than

0.5 /xm were transported to the ICP. The remobilized particles were mainly larger

than 0.8 /xm; the contribution of smaller particles to the total particle volume was

3. Aerosol structure and particle measurements
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Figure 3.21: Transient signal of selected elements for raster ablation of NIST SRM612

reference glass using the particle separation device. The U/Th ratio of the ICP-MS

signal intensities after separation of particles >0.5 /xm is 0.99.
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Figure 3.22: Particle size distribution of the raster ablation shown in Figure 3.21 (solid

line). The dashed line shows the size distribution during particle remobilization. The

resultant ICP-MS signal intensities of the remobilized particles is shown in Figure 3.23.

3.4. Description of a particle separation device.
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negligible (Figure 3.22). With the experimental set-up used, it was not possible

to continuously apply high power ultrasonic vibration to the tube due to heating

effects, which resulted in melting of the rubber stopper. Therefore the remobilised

particles were not continuously released to the ICP causing the noise structure as

shown in Figure 3.23.

120

Time / sec

Figure 3.23: ICP-MS signal response for the large particle fraction, which was

remobilized using ultrasonic vibrations. Signal variations are caused by the instability of

the ultrasonic source. The U/Th ratio was determined to be 15, which is significantly

higher than the expected value.

U/Th ratios determined for the large, released particles were about f 5, compared

to 0.99 for the smaller particle size fraction. If now the ICP-MS signal intensity

ratio between two elements depends on the particle size, this means that either a

selective volatilization occurs from the surface of the particles or that the concen¬

tration of these elements depends also on the particle size (see section 4.3).

3.4.4 Discussion

The particle separation device developed is a powerful instrument for size de¬

pendent particle separation and is easily adaptable to all laser ablation sampling

systems. The observation that the gas flow affects the particle separation efficiency

indicates that the operating principle is based on centrifugal forces leading to the

deposition of larger particles at the tube walls. Figure 3.24 shows a schematic

3. Aerosol structure and particle measurements
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drawing of the separation mechanism The velocity of the gas in the small tube

is relatively high (approx 25 m s-1 at f 0 1 mm-1) The resulting centrifugal

acceleration in a tube with 6 mmcoil diameter and an î d of 0 65 mmis about

8 7 x fO5 ms-2, which equates to 87'000 g (earth gravity)

Figure 3.24: Schematic drawing of the separation process of large particles Fi >F2

are the centrifugal forces on particles with different masses

In Figure 3 24, Fi and F2 are the centrifugal forces, which are proportional to

the mass of the particles This force is sufficient to deposit larger particles on the

walls, whereas smaller particles remain suspended in the aerosol carrier gas For

particles smaller than a critical size, the centrifugal force is insufficient for sepa¬

ration, and they pass through the device The smallest possible particles being

removed by the setup described were determined to be 0 3 /xm depending on the

applied parameters However, a refined setup used for later experiments (see sec¬

tion 4 3) allowed the separation of particles as small as f 25 nm The larger critical

separation size observed for the NIST SRM612 glass in comparison to brass is

due to the different volume densities of the samples The separation efficiency is a

function of the number of turns of the separation device A larger number of turns

increases the time for interaction of the particles with the tube wall However, it

has to be mentioned that the larger part of the particles classified by the OPC

to be <0 2 /xm are agglomerates of nano-particles The aerodynamic diameter

of such particles has been shown to be in the range of the primary particles of

3 4 Description of a particle separation device
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the agglomerates (see section 3.3). Since the aerodynamic diameter is the critical

parameter for the separation, agglomerates will remain in the aerosol and cannot

be separated.

The tubing material used for the separation influences the filtering or separation

effect. Several tubing materials were tested, including several types of PE (Ty¬

gon), PFA, several stainless steels, and glass. Tygon, some steel, and the glass

showed similar performance, while the PFA tubing was less efficient and some steel

materials showed almost no separating effect. The remobilization study, where the

U/Th ratio was changed by a factor of 15, demonstrated the important effect of

the particle size on elemental fractionation effects.

3.4.5 Conclusion

The particle separation device has been demonstrated to be an effective way to

remove larger particles from an aerosol. A coiled tubing with an inner diameter of

<1 mm, containing 2 turns with a coil diameter of 6 mmand a carrier gas flow of

f 1 min-1 removes almost all particles larger than 0.8 /xm. The critical particle size

can be changed by altering the coiled tube (inner diameter of the tube, number

of turns, and the diameter of the coil) and the gas flow and type. The material

and surface roughness used for the particle separator is important.

Careful selection of the particle fraction passing the separation device will min¬

imize noise within the ICP-MS, and will also minimize matrix effects based on

variable particle sizes. However, it should be noted that the elemental composi¬

tion of the laser generated aerosol particles has to be similar for small and large

particles when the separation device is applied (see also chapter 4). Otherwise,

results can be biased due to a changed overall stoichiometry of the aerosol.

3. Aerosol structure and particle measurements
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3.5 Evaluation of a diffusion battery for laser - gener¬

ated aerosols

Diffusion batteries in combination with a condensation particle counter have been

described to be useful instruments to measure particle size distributions for par¬

ticles <0.1 /xm [236]. Particle separation is performed by diffusional deposition,

which occurs preferentially at small aerosol particle sizes. The penetration depth

of a particle with a given size into a stack of diffusion screens can be calibrated

resulting in a 50 %cut-off value for a given number of screens [237].

Within this study, a Particle Size Selector (PSS) Model 376060 (TSI Incorporated,

Denver, CO, USA) was used (Figures 3.25 and 3.27). Selected cut-off diameters of

this device in air are shown for ambient pressure in Table 3.2. However, the use of

helium as an aerosol carrier gas (f .0 1 min-1) leads to higher collection efficiencies

on the diffusion screens, since Brownian diffusion is the dominant mechanism for

particle collection. This diffusion depends on the gas viscosity, which is 7 times

higher for air than for helium.

The diffusion grids consist of 20 /xm wires with a gap of 20 /xm in between (Figure

3.26). Tube connections were adapted to 4 mmi.d. tubing. Aerosols used for the

evaluation were generated using a f 93 nm laser at f 0 Hz pulse repetition rate and

a spot size of 63 /xm. For each run of 300 ablation pulses on a NIST SRM610

glass, the particle size distribution and the associated ICP-MS signal intensities

(Agilent 7500cs) were recorded with various numbers of separation screens.

3.5.1 Results and discussion

Three different settings of the diffusion battery were tested, f f and 22 screens

resulted in a nominal collection of particles smaller than 122 nm and 237 nm,

respectively. However, slightly higher cut-off sizes can be expected, since helium

Table 3.2: 50 %particle cut-off sizes for various numbers of diffusion screens.

Number of 50 %particle cut-off size in air (/xm)

Screens 0.3 1 min -l 1.0 1 min -1 1.41 1 min 1 1.50 1 min-1

5 0.123 0.062 0.052 0.050

11 0.267 0.122 0.099 0.096

16 0.400 0.172 0.140 0.135

22 0.582 0.237 0.188 0.182

3.5. Evaluation of a diffusion battery for laser - generated aerosols
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Figure 3.25: Diffusion separator TSI PSS Model 376060 with modified tube

connections.

Figure 3.26: Diffusion screen (20 /xm wires, 20 /xm openings) used for the diffusion

separator TSI PSS Model 376060.

3. Aerosol structure and particle measurements
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Figure 3.27: Schematic drawing of the TSI PSS Model 376060 (Source: TSI operation

manual).

was used as a carrier gas. For comparison, data for a similar experimental setup,

but without separation screens, were collected.

Particle size distributions from the three settings of the diffusion battery are sum¬

marized in Figure 3.28. Data show that there was no significant change of the size

distribution down to 65 nm, especially when considering that particles <237 nm

(50 % cut off for 22 screens) should be absent. The particle number density in

the aerosol shows a non size-specific reduction by 33 %and 75 %for the two PSS

settings. The reason is that the OPCclassifies /xm-sized agglomerates to be in

the range of fOO nm particle diameter (see section 3.3). Diffusion coefficients of

such agglomerates are much lower compared to coefficients of a spherical particle

of f 00 nmdiameter, and these agglomerates are therefore not specifically removed

by the PSS. However, there is always a certain amount of losses on the grids of all

particle sizes due to particle impaction or diffusion. This explains the non-specific

reduction of all particle sizes.

Single particles with a diffusion diameter smaller than 122 nm or 237 nm have

been calibrated by the supplier of the instrument to be removed and should be

absent, but agglomerates in this size range cannot be detected by the OPC(see

section 3.3). The ICP-MS, however, is able to vaporize, ionize and measure such

particles. Therefore, the ratios between ICP-MS signal intensities and total parti¬

cle volumes as determined by the OPCwere expected to increase for a significant

amount of small particles present in the aerosol. In Figure 3.29, the ratio of ICP-

MSsignal intensities and particle volume is shown for various elements and PSS

configurations. Within the uncertainty of the measurements, no significant change

3.5. Evaluation of a diffusion battery for laser - generated aerosols
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Figure 3.28: Aerosol particle size distribution for different numbers of diffusion screens.

A non size-specific reduction was measured for all particle sizes.
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Figure 3.29: The ratio of ICP-MS intensity and measured particle volume was

independent from the number of diffusion screens, indicating that the amount of

particles smaller than the measurement range of the OPCdid not significantly influence

the ICP-MS signal intensities. 1 s.d. error.
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was measured. This indicates that the fraction of particles and agglomerates in

the size range below 65 nm is smaller than the measurement uncertainty of about

fO % (2s).

The use of diffusion batteries to manipulate the particle size distribution of laser-

generated aerosols is not recommended, since particles in the accessible size range

of the diffusion battery do not contribute significantly to the total transported

aerosol. Furthermore, the unspecific loss of particles larger than the cut-off size of

the device by the diffusion screens can be up to 75 %, which is more than expected

from separation efficiency calculations. Determining particle size distributions by

particle counting while continuously increasing the number of diffusion screens as

shown by Rosier et al. [238] is therefore not advisable for laser generated aerosols.

3.6 Summary

Investigation of aerosol particle structures of various matrices displayed two funda¬

mentally different particle types, which can be classified into agglomerated nano-

particles and spherical particles in the /xm-range. This finding has some impli¬

cation when working with laser-generated aerosols. For the size determination

using different techniques, agglomerates of condensed nano-particles and spherical

particles result in diverse particle diameters depending on the physical parameter

measured. Therefore, a task-adapted selection of the suitable measurement tech¬

nique is required.

Similar restrictions have to be considered when manipulating the particle size dis¬

tribution. The removal of spherical particles can easily be performed by particle

impaction or by separation devices based on centrifugal forces, while agglomerates

behave similarly to their primary particles and are not influenced by these tech¬

niques. For particle separation by diffusion batteries, the mass and dimension of

an agglomerate or particle is the critical parameter for the size selection. Since

the amount of spherical particles or agglomerates smaller than fOO - 200 nm in

diameter is almost negligible, this technique results only in a non-specific loss of

all particle sizes.

3.6. Summary
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4

Particle size related elemental

composition - Impact on

ICP-MS intensities

4.1 Introduction

For accurate analytical results in LA-ICP-MS, it is a prerequisite that the aerosol

generated by laser ablation represents the stoichiometric composition of the sam¬

ple ablated. Therefore, the total aerosol composition of brass and glass aerosols

was measured as well as the particle size related elemental composition.

The analysis of metal samples by LA-ICP-MS has been described to be more dif¬

ficult than of non-metal samples [140, 141, 239, 240] due to the different melting

and boiling points of different components of an alloy, where the pulse width of the

laser can have a larger influence on the ablation product. However, successful ap¬

plications have been demonstrated for various metal samples [239, 240]. Among

the different alloys, brass is one of the most difficult samples to analyze [112].

The difference between melting (Cu: f083°C, Zn: 420°C) and boiling points (Cu:

2567°C, Zn: 907°C) of Cu and Zn are larger than between other metals such as

chromium, nickel and iron in common steel alloys. The melting points of brass

alloys are very low, ranging from f080°C to 900°C for up to 32 %Zn [107]. For

alloys containing more Zn, a higher ablation rate was obtained for ns-lasers [241].

Calibration curves recorded for various brass alloys have been measured to be

non-linear for Cu and Zn in ICP-AES [142] and in ICP-MS [112]. Therefore, a

non matrix-matched calibration for the determination of brass composition has
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not yet been successful. Liquid nebulization calibration has been tried [242] but

there was always an overestimation of Zn compared to Cu.

In laser ablation, the Cu/Zn ratio measured for brass samples is influenced by

several parameters like pulse width and irradiance [107, 109]. Pulse energies sig¬

nificantly higher than the ablation threshold value for a given laser system (for

example higher than f .8 J cm-2 for a Nd:YAG 266 nmlaser with 6 ns pulse length

[109]) have been shown to result in an almost constant Cu to Zn ratio in ICP-MS

and ICP-AES, independent of the crater diameters. With laser energies close to

the ablation threshold, the sample has been described to be heated up instead of

being ablated and preferential vaporization of Zn takes place. The conclusion of

the work carried out on brass samples by using several lasers has been that the

Cu/Zn ratios measured by the ICP-MS have been too low, even though various

energy densities and pulse widths have been used. Only one exception using a

35 ps laser and power densities of 5 to 40 GWcm-2 was reported [109]. Lin¬

ear calibration graphs for Zn have been obtained with laser-induced breakdown

spectroscopy using Cu as internal standard [107], indicating that preferential va¬

porization can be avoided using a femtosecond laser. The aim of the present work

was to determine the individual contribution of laser ablation, sample transport

and ICP-ionization to elemental fractionation effects of brass samples in LA-ICP-

MS.

For non-metal samples, elemental fractionation is less pronounced than for metals,

but it is still a serious limitation of the method. Early on, incomplete vaporiza¬

tion of large particles in the ICP [136] and preferential ablation of volatile species

from the sample [f 40] were invoked as possible sources for elemental fractionation.

In addition to a possible difference in overall stoichiometry between sample and

aerosol, differences between single aerosol particles have also been reported for

pyrite [209] and glass samples [243], possibly due to zone refinement of refractory

elements within the ablation crater. Furthermore, volatile elements enriched in

the gas phase [122] tend to condense on the tubing or to small particles resulting

in transport efficiencies, that are lower compared to those of less volatile elements

transported in the larger particle size fraction. This effect has been measured

for metal samples, where depositions in the transport tube showed a different

elemental composition from the composition of the original sample, depending

on the distance from the ablation cell [158]. Furthermore, small particles have

been found to be enriched in the more volatile elements [113, 147, 244]. For glass

4. Particle size related elemental composition - Impact on ICP-MS intensities
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ablations, elemental fractionation into different sized particles has been expected

since refractory elements condense earlier from the laser plasma and are therefore

enriched in the larger particles [146]. Some portions of the volatile elements can

get lost by condensation on the sample surface and within the transport system.

Therefore, in the current study the total composition was measured for an aerosol

generated from a NIST SRM610 glass standard. Furthermore, the particle size

related elemental composition was measured.

Considering the deviating concentrations of certain elements between different

sized particles, it is very important to know how much such deviations influence

the analytical results measured by ICP-MS. The ICP itself is routinely used as

an efficient excitation source and almost no significant changes in the ICP have

been made for direct solid sampling compared to conventional solution analysis.

However, the introduction of a similar laser generated aerosol into two different

ICP-MS instruments produced a significantly different signal response, which in¬

dicated that the ionization efficiency is not the same for all ICP sources [160].

Furthermore, optimum ion sampling for individual elements has been described

to occur at different sampling depths in the ICP, especially for aerosols containing

larger particles [162, 163]. Different authors predicted the ICP to be responsible

for elemental fractionation [54, 101], especially when particles larger than 1 /xm

(glass samples [139]) have been introduced. Furthermore, ICP-MS response curves

of solution nebulization aerosols have been shown to differ substantially from laser-

aerosols, indicating different excitation behaviour of droplets and particles within

the ICP [122]. Jeong et al. [208] reported anomalous elemental ratios measured

for the first laser pulse, where significantly larger particles are produced compared

to the following laser pulses, which can be interpreted as incomplete ionization in

the ICP.

Until now, however, the critical particle size for complete vaporization and ion¬

ization in the ICP has not been determined for solids. In 1994, Olesik et al. [245]

introduced well-defined aqueous droplets into the inductively coupled plasma and

found their ionization limit at fO to 15 /xm. Knight et al. [246] described in¬

complete ionization of spherical glass particles within a size range of 3-7 /xm, and

Guillong et al. [139] described incomplete ionization of aerosol particles from a

glass sample generated using a 266 nm laser. By determining ablation rates of

NIST SRM610, 612 and 614 glass standards using standardized 266 nm laser ab¬

lation parameters, two times lower sensitivities for two times more ablated mass

4.1. Introduction
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were found for the more transparent samples (e.g. NIST SRM612, 614) [220].

This discrepancy can be explained by highly variable particle sizes measured in

aerosols for all three samples [105], where opaque or dark samples with a lower

laser penetration depth produce smaller particles than transparent samples.

Houk et al. [161] and Aeschliman et al. [131] recorded high-speed camera pho¬

tographs of laser aerosols introduced into an ICP. The lifetime of particles within

the ICP indicated that only a small portion of the particles was vaporized com¬

pletely. In section 4.4, the determination of the vaporization and ionization size

limit of glass aerosol particles is described in detail.
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4.2 Elemental fractionation studies on laser generated

brass aerosols

Published in Analytical Chemistry, 2003 [247]

4.2.1 Abstract

It is shown that multiple effects complicate the quantitative analysis of brass using

LA-ICP-MS. First of all, the ablated Cu and Zn are not homogeneously distrib¬

uted within the laser generated aerosol. Cu was found enriched up to fOO % in

particles larger than f 00 nmand Zn was enriched by over 40 %in smaller particles.

However, the overall composition of the transported aerosol was measured to be

enriched in Cu, while online LA-ICP-MS measurements carried out under identi¬

cal laser operating conditions show a Cu depletion. The reason for this depletion

is that the large, Cu-enriched aerosol particles are not completely vaporized and

ionized in the ICP.

In this study, three sources of elemental fractionation were distinguished: A) The

ablation process leads to no measurable Cu enrichment at the ablation crater rim.

B) Zn deposition between the ablation site and the aerosol collection on filters

results in up to 37 %higher Cu/Zn ratios in the filtered aerosol compared to the

certified value. C) Online ICP-MS measurements of the brass aerosol show signifi¬

cantly lower Cu/Zn ratios in comparison to the certified value, indicating reduced

vaporization and ionization of Cu in the ICP.

4.2.2 Experimental and Instrumentation

A beam homogenized high power 266 nm Nd:YAG laser ablation system and a

193 nm ArF excimer laser ablation system were used for this study (GeoLas M,

details in section 2.2). Experiments were carried out using energy densities of

f 4 J cm-2 for the 266 nmNd:YAG laser and 20 J cm-2 for the f 93 nmArF excimer

laser and a pulse repetition rate of 4 Hz. A constant cell gas flow of 0.7 1 min-1 for

argon or helium was used for all aerosol filter experiments. Equally sized ablation

cells with a volume of approximately 30 cm3 were used for both laser systems.

An Elan 6000 ICP-MS combined with the Nd:YAG 266 nmlaser and an Elan 6100

DRC+ICP-MS operating in normal mode coupled to the 193 nm ArF excimer

laser ablation system were used (details in section 2.1). ICP's and ablation cells

were connected with aim polyethylene tube.

4.2. Elemental fractionation studies on laser generated brass aerosols



88

1e+5

E
i

CO*""

E 1e+4

or
a

>
a

c

o
1e+3

u

Q

jjj 1e+2

o

>

1e+1

0.1

• Ar, 193 nm

o He, 193 nm

T Ar, 266 nm

— -v — He, 266 nm

Particle Size / nm

10

Figure 4.1: Particle volume distribution of MBHB26 in 8 particle size fractions

(Lasair 1001). The aerosol was generated under He and Ar atmosphere at 193 nm or

266 nm laser wavelength. 2 s.d. error.

For external calibration of the LA-ICP-MS analysis, an Aridus desolvating sample

introduction system was used to introduce liquid samples. The aerosols from the

Aridus (1.2 - 1.4 1 min-1 Ar) were mixed with the carrier gas containing the laser

generated aerosol before entering the ICP as described elsewhere [123] (Figure

4.3). However, due to the combination of argon and helium, both systems (laser

carrier, liquid carrier) were operated under optimum conditions. The argon flow

was a combination of 0.9 1 min-1 nebulizer gas flow and a minor fraction of the

Aridus sweep gas crossing the membrane during aerosol drying.

Aerosol collection on filters was carried out using Millipore GVHP0.22 /xm poly-

vinylidene filters. At a pore size of 0.22 /xm, the aerosol was filtered completely

and no ICP-MS signals above normal gas blank and no counts within the particle

measurement instrument were detected during laser ablation. The filters (2.5 cm

diameter) were placed within a polyethylene filter box 0.5 mdownstream from the

ablation cell. This configuration permitted a gas flow up to 3 1 min-1 without a

significant pressure increase within the ablation cell. Solution nebulization analysis

of the dissolved aerosol particles was performed on the described Elan 6000 at a

nebulizer sample uptake rate of approx. fOO /xl min-1 (Table 4.1). An additional

vacuum pump was connected to the interface of the ICP-MS resulting in better

4. Particle size related elemental composition - Impact on ICP-MS intensities
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Figure 4.2: Particle volume distribution of MBHB26 after the particle separation

device measured in 8 channels (Lasair 1001). The particle separation device removed the

particles in the two largest channels very efficiently so that no particles were detectable

by the Lasair particle measurement instrument. The cut-off point (90 %reduction) of

the separation device was determined to be at a particle size of 0.45 /xm. 2 s.d. error.

vacuum and therefore higher sensitivities and lower background count rates.

A particle separation device was used to remove certain particle size fractions

from the aerosol (see section 3.4). The particles were collected in two turns of a

f 0 cm long needle (turn diameter: f 0 mm, inner tube diameter 0.65 mm[SUPRA,

f.fO x fOO mm, LOT 9911, Einhardt-Söhne GmbH, Geislingen, Germany]). This

particle separation setup shows at gas flows of 0.7 1 min-1 slightly lower cut-off

size in helium than in argon (around 0.45 /xm) because of the viscosity difference

between the two carrier gases. Size cut-off was defined as a 90 %reduction of the

Ar/He

;o.3i/min| Lasair

f iöS|ö3lpSIQr J:

\ {option«! J/
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Figure 4.3: Schematic setup of the online analysis using the Aridus desolvation sample

introduction system for standardization.
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Table 4.1: Operating conditions of the ICP-MS instruments

ICP-MS Elan 6100 DRC Elan 6000

Sample introduction Laser Laser Liquid neb.

Carrier gas (He/Ar, 1 min-1 0.7/0.7 1.05/1.0 -

Neb. Gas (Ar, 1 min-1) - - 0.9

Make-up gas (Ar, 1 min-1) - - 0.2

Aridus neb. gas (Ar, 1 min-1) 0.8 0.8

Aridus sweep gas (Ar, 1 min-1) 3 (He), 2.5 (Ar) 4 -

Tot. flow from Aridus (1 min-1) 1.3 1.4 -

Auto lens on on on

ICP-RF Power (W) 1500 1200 1200

Aux. gas flow (1 min-1) 15 15 15

Detector mode dual dual dual

Oxide ratio <1 % <1% <3%

particle number density. The particle size distributions in front of and downstream

the separation device are shown in Figures 4.1 and 4.2. Particle size measurements

to determine the efficiency of the particle separation device were carried out using

a Lasair fOOf.

The SEMand ESEM(no requirement for a conducting sample surface) images

were taken on a XL30 FEG (FEI / Philips, Hillsboro, Oregon, USA). For the

particle measurements on the filters, ESEMin the low-vacuum mode with a GAD

detector (Gaseous Analytical Detector: cone used for better resolution in low

vacuum) was used. As an imaging gas, H2O was used to prevent charging of the

sample surface. For the ablation craters in solid brass, SEMimages were taken

in the high vacuum mode. Elemental analysis was carried out by measuring the

electron excited X-rays (EDX).

4.2.3 Samples and experimental conditions

A certified brass sample (MBH B26, Analytical LTD, Barnet, UK) consisting of

62.9 %Cu and 30.0 %Zn was used for all experiments. The sample was polished

before each experiment. Solution nebulization measurements were carried out us¬

ing f .83 mgof MBHB26 dissolved in 3 %nitric acid and diluted to 5 ppm, 500 ppb

and fO ppb as standards, respectively. Digestion was carried out using Millipore

water and sub-boiled nitric acid. Furthermore, all flasks were cleaned with f %

nitric acid before use. Each filter represents a collection of 5 ablation spots and
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60 seconds of ablation per crater. Particles deposited on the filters were dissolved

using f 0 ml of 3 % nitric acid in an ultrasonic bath at ambient temperature for

two hours. The solutions were analyzed without further dilution. For all solution

nebulization ICP-MS analysis, 0.2 1 min-1 argon was added as make-up gas after

the spray chamber to achieve optimum sensitivity. The instrumental setup of all

experiments is shown schematically in Figure 4.4. The ICP-MS parameters for

laser ablation and solution nebulization measurements are summarized in Table

4.1.

Figure 4.4: Schematic of the instrumental setup of the brass experiments.

4.2.4 Results and Discussion

Composition of filter-collected, laser generated aerosols

Fractionation of Cu and Zn has been assumed (see section 4.1) to occur during

the ablation process. The fractionation was supposed to lead to an enrichment of

the more volatile Zn in the aerosol transported to the ICP-MS. This assumption

was investigated by the analysis of filter collected aerosol particles, which were

digested and measured using SN-ICP-MS. To investigate the dependence of the

Cu/Zn ratio on the ablation crater diameter as reported in Mank and Mason for

4.2. Elemental fractionation studies on laser generated brass aerosols
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glass samples [144], three crater sizes (35, 75, 100 /xm with the 266 nm laser; 40,

80, 120 /xm with the 193 nm laser) were investigated. In addition, all experiments

were carried out in helium and in argon at both laser wavelengths to study the

influence of the carrier gas on elemental fractionation.

Table 4.2: Summary of aerosol Cu/Zn ratios (total aerosol)

Filtered aerosol (liquid nebulization ICP-MS)

vtcLS Laser Crater Cu/Zn s.d. (Cu/Zn) Cu(ppb) Zn(ppb) Transp. eff.

He 193 nm 40 /xm 2.4 0.1 53 22.6 22%

He 193 nm 80 /xm 2.33 0.02 210 92 25%

He 193 nm 120 /xm 2.5 0.2 540 220 34%

Ar 193 nm 40 /xm 2.9 0.2 13 4.4 5.0%

Ar 193 nm 80 /xm 2.7 0.2 39 14 4.3%

Ar 193 nm 120 /xm 2.7 0.1 94 34 5.8%

He 266 nm 35 /xm 2.0 0.2 44 23 31 %

He 266 nm 75 /xm 2.0 0.1 136 67 24%

He 266 nm 100 /xm 2.0 0.1 303 148 28%

Ar 266 nm 35 /xm 2.5 0.2 9.7 4.0 6.4%

Ar 266 nm 75 /xm 2.6 0.1 40 15.6 6.5%

Ar 266 nm 100 /xm 2.4 0.2 103 44 9.2%

LA-ICP-MS (Zn as interna]
. standard)

vtcLS Laser Crater Cu% Zn% s.d. (Cu) Cu/Zn

He 193 nm 40 /xm 48 30.0 1 1.6

He 193 nm 80 /xm 51 30.0 1 1.7

He 193 nm 120 /xm 53 30.0 1 1.8

Ar 193 nm 40 /xm 49 30.0 1 1.6

Ar 193 nm 80 /xm 52.3 30.0 0.3 1.7

Ar 193 nm 120 /xm 54 30.0 4 1.8

He 266 nm 35 /xm 53.7 30.0 0.4 1.8

He 266 nm 75 /xm 54.8 30.0 0.2 1.8

He 266 nm 100 /xm 54.9 30.0 0.5 1.8

Ar 266 nm 35 /xm 74.2 30.0 0.4 2.5

Ar 266 nm 75 /xm 66 30.0 3 2.2

Ar 266 nm 100 /xm 60.6 30.0 0.3 2.0

All measured Cu/Zn ratios of the filter collected aerosols were equal or up to

37 % higher than the certified value of 2.f0 depending on the wavelength and

carrier gas used for the experiments. However, no dependence on the crater size

was observed. The degree of Zn depletion depends strongly on the laser and the
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Figure 4.5: XRF Spectra taken by SEMand ESEMinstrument showing the CuKa,

CuK/3 and ZnKa lines.

carrier gas used. The Zn depletion is significantly higher in argon in comparison

to helium and more pronounced when ablated at f93 nm than at 266 nm laser

wavelength. Detailed data are shown in Table 4.2.

Based on these measurements a more detailed study on the filtered aerosols was

carried out. For each combination of cell gas and laser wavelength, the Cu and Zn

content of several single particles collected on filters was determined by ESEM-

EDX analysis. Particles of all sizes to as low as f 00 nm were analyzed. The Zn

concentration within all particle sizes measured was below the limit of detection

of less than f % (w/w) of the method. As an example, a representative EDX

spectrum of a single particle (size 200 nm) is shown in Figure 4.5. These results

indicate that the transported aerosol particles above f 00 nmare highly depleted in

their Zn concentration. A variety of ESEMimages (secondary electrons) of filters

were taken and one is shown in Figure 4.6. For both gases and both wavelengths,

particle sizes from 20 nm to 400 nm were detected. Smaller particles could not

be resolved due to instrumental limitations. The aerosol particles collected on

filters were inhomogeneously distributed. The gray-shaded areas on the filter are

caused by vapor-condensed particles, which were too small to be resolved by the

ESEM. In contrast to the ratio found in particles larger than f 00 nm, the Cu/Zn

ratios of the condensed vapor varied and ratios as low as 1.11 were determined.
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Figure 4.6: Particles of MBHB26 were generated at 266 nm laser wavelength under He

atmosphere and collected on a 0.22 /xm pore size filter. The image was taken by ESEM.

Particle sizes range from 20 nm to 400 nm.

Compared to the Cu/Zn ratio of 2.f5±0.05 measured on the polished brass surface

(2.10 certified), the ratio measured in the grey area was up to 45 %lower, which

indicated significant Zn enrichment in these parts of the filters. Furthermore, these

observations suggest that the particles larger than 100 nmwere Zn depleted, while

particles smaller than about 20 nm were enriched in Zn. However, the overall

elemental concentration of the laser generated aerosols measured on filter show

Zn depletion, which could be due to transport tube wall deposition of the vapor

phase [158].

For further evidence, particles larger than 0.45 /xm were removed from the aerosol

using a particle separation device. Since the particles above f 00 nmconsist mainly

of Cu, removal of the largest particles should lead to significantly lower Cu/Zn

ratios on the filter. Experiments using the particle separation device in front of

the filter box were performed and the Cu/Zn ratios of the filter collected materials

were determined by SN-ICP-MS measurements after dissolution of the particles in

3 %HNO3. Cu/Zn ratios summarized in Table 4.3 show a significant depletion of

Cu. All ratios measured after applying the particle separation device were low by

approximately 25 %. These results further indicate that the large particles within

all of the laser generated aerosols studies were depleted in Zn.

Assuming a particle size related fractionation, particle size distributions shown in
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Figure 4.1 and can be used as an explanation for the differences in the Cu/Zn

ratios observed using different carrier gases and lasers. The higher Cu/Zn ratios

measured in argon in comparison to the ratios in helium were caused by a higher

transport efficiency of small particles in helium, which was up to one order of

magnitude higher compared to argon. Reduced transport of small particles in

argon leads to less transported Zn and results in higher Cu/Zn ratios on the filters.

Differences between the two laser wavelengths (mean values of the Cu/Zn ratios

were 14 % higher for the f93 nm laser than those measured using 266 nm) can

also be explained by the particle size distribution. In contrast to other matrices,

the brass aerosol generated at 266 nm contained, especially for argon, more small

particles than the aerosol produced at 193 nm. Due to the fact that Zn was

preferentially transported in the smaller particle size fraction, the Cu/Zn ratio for

266 nm was lower than the measured ratio using the f93 nm laser. The lowest

ratio, which was equal to the certified ratio, was consistently obtained using the

266 nm laser in helium. Further validation of the Lasair particle size distribution

data using ESEMimages of filter collected particles was not possible due to the

heterogeneity of the particle deposition on the filters.

Elemental composition of the ejected material around the ablation

crater

To study the influence of the ablation process on the Cu/Zn ratio, deposited

material around the crater produced by the two wavelengths and different gas en¬

vironments was investigated. Secondary electron images (SEM) of ablation craters

and the ejected material for both laser wavelengths and helium or argon carrier

gas are shown in Figure 4.7. The crater rims consist of ejected molten mater¬

ial, which was deposited near the craters. Depending on the number of ablation

pulses, the rims (chimneys) can reach heights above the sample surface equal to

the crater depth as shown by Horn et al. [220]. The surface of the crater bottom

has the structure of a frozen melt. During a laser pulse, a liquid phase seems

to be formed, from which small droplets are accelerated and partially deposited

around the crater. Therefore, it is most likely that elemental fractionation might

take place in the crater rim region. However, quantification of the ejected particle

agglomerates at the crater rim by EDX analysis did not show a significant Cu

enrichment. Under all conditions (lasers, cell gases), the measured Cu/Zn ratio of

2.1 ± 0.2 was similar to the ratio measured on the polished surface (2.15 ± 0.05),
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although with a 4 times higher standard deviation in the rim region.

Analysis of a single 300 nm particle on the sample surface (approx. 200 /xm away

from the ablation crater) showed a Cu/Zn ratio of 3.5, which is 70 %higher than

the ratio measured on the sample surface (Figure 4.3). Even considering a contri¬

bution of the surrounded sample surface to the measured deviation of the Cu/Zn

ratio it becomes clear that Zn is, already at this stage, depleted within large,

spherical particles.

Table 4.3: Summary of Cu/Zn ratios for aerosol particles <0.45 /xm

Filtered aerosol, particles <0.45 /xm (liquid nebulization ICP-MS)

Gas Laser Crater Cu/Zn s.d. (Cu/Zn) Cu(ppb) Zn(ppb) Transp. eff.

He 193 nm 80 /xm 1.7 0.1 70 41 9.0 %

Ar 193 nm 80 /xm 1.9 0.2 16 8 1.9 %

He 266 nm 75 /xm 1.58 0.02 114 72 22 %

Ar 266 nm 75 /xm 1.8 0.1 31 17.5 5.6 %

LA-ICP-MS, particles <0.45 /xm (Zn as internal standard)

Gas Laser Crater Cu % Zn % s.d. (Cu) Cu/Zn

He 193 nm 80 /xm 38 30.0 2 1.3

Ar 193 nm 80 /xm 54 30.0 5 1.8

He 266 nm 75 /xm 39.9 30.0 0.2 1.3

Ar 266 nm 75 /xm 55 30.0 2 1.8

The SEMimages in Figure 4.7 summarize the differences between the two carrier

gases; when using helium as the carrier gas, fewer particles were found spread

around the ablation spots in comparison to argon as shown by Eggins et al. [146].

The amount of particles on the sample surface using argon is one explanation for

the reduced sample transport efficiency, which was calculated based on the crater

depth and on the analysis of the filter-deposited aerosol. Crater depths and diam¬

eters were measured using a pétrographie microscope (50x magnification, BX50,

Olympus, Japan). Crater chimneys were not considered in the calculation and

are therefore one source for the reduced transport efficiency. The average ablation

rate per pulse was determined to be between 0.18 ± 0.01 /xm to 0.22 ± 0.01 /xm

for the Nd:YAG 266 nm laser and 0.19 ± 0.01 /xm to 0.26 ± 0.01 /xm for the

ArF excimer f 93 nm laser, which showed a dependence on the crater size. Larger

ablation craters showed a lower ablation rate due to the larger crater surface to

circumference ratio and proportionally less material splashed onto the crater rim

(melt flushing).
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Figure 4.7: SEM-pictures of laser ablation craters on MBHB26. A: 75 /xm crater, Ar,

266 nm; B: 80 /xm crater, Ar, 193 nm; C: 75 /xm crater, He, 266 nm; D: 80 /xm crater,

He, 193 nm; E: magnification of C; F: magnification of D.
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The transport efficiency was calculated to be 22 %to 34 %using helium and 4 %

to 9 % using argon as a carrier gas. In contrast to observations made on other

materials [70, 139], there was no significant difference in the observed transport

efficiency for brass between the two lasers and between different crater sizes. Due

to uncertainties in measuring the exact crater diameter, the accuracy of the trans¬

port efficiency was estimated to be approx. 20 %(see Table 4.2). Despite different

crater depths, the determined mass of material collected on the filters indicates a

linear ablation and transport rate for crater sizes between 35 and f20 /xm, which

was observed for all operating conditions used. The higher ablation rates in smaller

craters seem to be compensated by a larger deposition of particles around the ab¬

lation site. However, the absolute amount differs for He and Ar significantly. In

argon, more than 3 times less mass was transported, which is in good agreement

with the observed signal enhancement reported [139, f 46] when using helium.

ICP ionization of brass aerosols

To further validate the occurrence of elemental fractionation, the brass aerosol was

introduced online into the ICP-MS. For quantification, a desolvated aerosol from

an Aridus nebulization unit was introduced into the ICP under similar plasma

conditions. The droplets or dried particles produced by the Aridus were expected

to vaporize and ionize completely in the plasma due to their size (below 100 nm).

The concentration of the liquid standard produced from MBHB26 was 5 ng g-1

resulting in an ICP signal of more than 2 MCPSfor all measured isotopes, which

ensures data acquisition within the analogue detector mode. During laser ablation,

a solution of f %HNO3was nebulized by the Aridus to obtain constant plasma

conditions. Using 66Zn as the internal standard, Cu was determined at mass 65.

The aerosol generated by the f93 nm ArF excimer laser shows in the ICP-MS

response a Cu/Zn ratio that is 15 %to 25 %too low in comparison to the certified

value. The deviation becomes smaller when using larger craters. The difference in

the Cu/Zn ratio between helium and argon as carrier gas was insignificant. The

determined Cu/Zn ratio of the aerosol generated by the 266 nm laser changed for

the different crater sizes and also shows variations between argon and helium used

as carrier gases. The Cu/Zn ratio was 28 %lower for argon than for helium using

the 35 /xm spot size, 13 %with 70 /xm, and 10 %with 110 /xm, respectively. The

results of the ICP-MS concentrations are shown in Table 4.2.

It must be mentioned that the influence of the crater diameter was significant.
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The larger the crater the better is the agreement of the Cu/Zn ratio with the

certified value. All ratios measured with the f93 nm laser and all with helium as

cell gas were found to be lower than the certified value. Laser aerosols generated

in argon at 266 nm laser wavelength lead to the most accurate ratios. However,

the most important observation was that the ICP-MS signals do not reflect the

previously determined aerosol stoichiometry. This allows the conclusion that the

aerosol transported to the ICP is incompletely vaporized and ionized. Figure 4.8

shows measured Cu and Zn signal intensities for a laser aerosol and for solution

nebulization.
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Figure 4.8: Correlated ICP-MS signal intensities of 65Cu and 66Zn show the difference

between the Cu/Zn count rate ratio for laser - induced aerosols and solution - nebulized,

dried aerosols (Aridus). The higher slope obtained for the laser - induced aerosol

indicates a lower Cu signal compared to Zn within the ICP.

To determine the influence of the ICP on elemental fractionation, the in-house

built particle separation device was inserted between the ablation cell and the

ICP to remove large particles (>0.45 /xm) from the laser generated aerosol. For

helium, a further reduced Cu/Zn ratio (about 25 %lower than without separation

device) was measured for both ablation wavelengths. The effect was insignificant

at f93 nm and more pronounced at 266 nm (17 %) using argon as carrier gas

(Table 4.3). The further reduced Cu/Zn ratio indicates a loss of Cu using the

particle separation device, which is in agreement with the measured particle size
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distribution. Due to the lower cut-off point of the separation device for helium in

comparison to argon (Figure 4.2), the difference in the ICP response for the two

carrier gas environments can be explained. The inverse ratios measured within

the ICP-MS (online) in comparison to the composition of the filtered aerosol (off¬

line) and their further reduction by filtering larger particles (online) indicates a

particle related fractionation between Cu and Zn. Therefore, the ICP-MS response

measured from the online introduced brass aerosol by laser ablation is the sum of

particle fractionation within the aerosol and the incomplete vaporization of the

larger particles (Cu) in the ICP.

4.2.5 Conclusions

It was shown that particles larger than 100 nm consist primarily of Cu, while

small or vapor-condensed particles are enriched in Zn. These results have been

supported by recent studies by Koch et al. [113]. The crater rim did not show

measurable elemental depletion effects, but sputtered material deposited further

away from the ablation crater was measured to be depleted in Zn.

The vapor partially re-condenses on the walls of the transport system, leading to

a Zn depletion in the aerosol. This depletion was measured in the filter-collected

aerosol. The /xm-sized spherical aerosol particles reaching the ICP undergo a sim¬

ilar process as in the laser plasma. While smaller particles, which are enriched

in Zn, are vaporized and ionized completely, the large particles do not vaporize

and ionize completely within the ICP. This finally leads to a significantly reduced

Cu signal intensities measured in the MS. Higher fractionation effects of f93 nm

ablation compared to 266 nm ablation could be caused by the larger pulse width

of the f 93 nm laser leading to enhanced thermal effects during ablation or within

the laser-induced plasma.

Figure 4.9: Summary of the progressive change of the Cu/Zn ratios from the ablation

cell to the ICP-MS detector.

It is shown that for brass ablation three sources of elemental fractionation (laser-

induced plasma, transport, and ICP-excitation) occur at different levels (Fig-
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ure 4.9). As long as particle-related elemental fractionation takes place and large,

spherical particles are present in the aerosol, the ICP can contribute significantly

to elemental fractionation.
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4.3 Particle-size dependent elemental composition stud¬

ies on filter - collected and online measured aerosols

from glass

Published in the Journal of Analytical Atomic Spetrometry, 2004 ß4$]

4.3.1 Abstract

The overall as well as the particle size related elemental composition of laser-

generated aerosols from NIST SRM610 glass was measured offline and compared

with the online response of these aerosols in the ICP-MS. 42 major- and trace

elements were considered within this study. Results show an enrichment of certain

elements such as Cu, Zn, Ag, Tl, Pb and Bi of up to 90 %relative to Ca within

the small particle size fraction of an aerosol (<125 nm) compared to the total

composition of the aerosol.

However, the total transportable aerosols generated at different laser wavelengths

(193 / 266 nm) and gas environments (He / Ar) showed no significant deviation

in their overall stoichiometry from the original sample. This indicates that the

elemental fractionation in LA-ICP-MS detected at the beginning of a 266 nmsingle

hole ablation is dominantly caused by incomplete vaporization of large particles

within the ICP and is not dominated by non-stoichiometric ablation of the glass.

4.3.2 Experimental

Laser ablation instrumentation

A broad particle size distribution within the laser generated aerosols (up to f /xm

or even larger) was required to detect variations in concentration between different

size fractions. To ensure such a particle size distribution, a NIST SRM610 glass

was ablated using a 266 nm laser ablation system (LSX 500) operating in scanning

mode. To compare the total aerosol stoichiometry with the composition of the

original sample, aerosols were generated under He and Ar atmosphere.

Furthermore, a 193 nmArF excimer laser (GeoLas C), generating smaller particles

compared to the 266 nm ablation system [94] (Figure 4.10), was also used for

ablation and the total aerosol composition was measured before entering the ICP-

MS. The largest possible crater sizes were selected for generating as many particles

as possible. Detailed operating conditions for the two laser ablation systems are
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listed in Table 4.4.
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Figure 4.10: Particle size distribution of a 266 nm and a 193 nm scanning ablation

using a NIST SRM610 sample and 0.4 l/min He flow. With the shorter wavelength,

almost no particles larger than 150 nm were generated during scanning ablation. 1 s.d.

error.

Table 4.4: Laser ablation parameters.

Laser GeoLas C LSX 500

Wavelength f 93 nm 266 nm

Pulse length f 5 ns 6 ns

Energy density f 8.2 J cm"2 6.7 J cnT2

Repetition rate fOHz fOHz

Scan speed f 0 /.tin s_1 f 0 /urn s_1

Spot size f 27 /Kin 200 /Km

Particle separation and nitration

To detect variations between different particle sizes, the large particles were re¬

moved in two steps from the aerosol produced at 266 nm by a particle separation

device. The separation device consisted of f mmi.d. silicon tubing coiled around

a 8 mmglass rod and has been described in detail in section 3.4. A higher He gas

flow of f .7 1 min-1 was used for the separation slightly improving the separation

efficiency. The first turn of the particle separation device removes particles larger
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than 340 nm with an efficiency of more than 90 %, while 30 turns only allow

particles smaller than 125 nm to pass (Figure 4.11). This separation setup results

in stable particle size distributions over more than one hour of ablation without

remobilization of large particles. However, to lower the risk of an uncontrolled re¬

lease of larger particles, the tubing was replaced after each 30 minutes of ablation.

Particle size measurements were carried out using a HS-LAS optical particle sizer

(see section 2.3).

After the particle separation device, the remaining aerosol was filtered using

0.22 /xm pore size Millipore Express filters (GPWP0f300, Millipore, Billerica,

MA). Behind these filters, no particles were detected by the optical particle counter

and no signal above background was detectable within the ICP-MS, indicating

complete filtration of all aerosol particles. The filters used for the experiments

allowed passage of gas flow of f .7 1 min-1 without producing a significant back¬

pressure to the ablation cell. In contrast to the 266 nm experiments using the

particle separation device, the flow was reduced to 0.4 1 min-1 for the experiments

comparing the total aerosol composition with the composition of the sample to

avoid damaging of the thin cell window used for the f 93 nm ablations.

Changing the gas flow from f .7 1 min-1 to 0.4 1 min-1 neither influences the aerosol

particle size distribution nor the overall aerosol elemental composition within the

uncertainties of this study. This was tested using the OPCand by measuring di¬

gested aerosol particles of a 266 nm ablation. The gas flow was always controlled

downstream from the filter box to ensure a closed system. Furthermore, the filter

material used for collecting the particles showed some contamination of elements

of interest for this study. For example, for Cr (~8 ppm) and Fe (~3 ppm), a

significant contamination was measured. Unfortunately, the fluctuating contami¬

nation of Cr was for some samples as high as the concentration from the digested

particles and this element was therefore not considered further.

Digestion method

The filters containing the collected particles were placed in cleaned 15 ml PTFE

vessels. 1.5 ml nitric acid (subboiled), 0.5 ml hydrofluoric acid (49 %, Trace

Select ultra, Fluka Chemie GmbH, CH) and 0.5 ml hydrogen peroxide (30 %,

Trace select, Fluka Chemie GmbH, CH) were added. Digestion was carried out

within 30 minutes in an ultraClave II microwave digestion system at 200°C and

60 bar pressure. After digestion, the acid was fumed off at 80°C over a period of
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two days. During this step, elements such as Nb, Sn and Ta were lost partially

or almost completely. The residue was redissolved in 1 ml of subboiled nitric acid

and diluted with Millipore water (18 MQ) to 15 g total weight for the ICP-MS

measurements.

ICP-MS instrumentation

The analysis of the digested samples was performed on an Element 2 ICP-SFMS

(see section 2.1). Trace elements as well as major elements were measured within

one run using two different sets of calibration curves. Trace elements were mea¬

sured in low or medium resolution mode, while major elements were measured in

the high-resolution mode for resolving interferences and reducing the sensitivity.

Rhodium was added after digestion as an internal standard.

Laser ablation ICP-MS data of the total aerosol and after removal of the large

particles from the aerosol were acquired using an Agilent 7500cs quadrupole ICP-

MS. Due to the fact that a f 0 Hz scanning ablation at 200 /xm crater size overloads

the detector, the aerosol was diluted 40-fold with argon by a bucket wheel diluter

(see section 2.4) before entering the ICP.

Sample and experimental conditions

A NIST SRM610 standard reference glass containing 6f trace elements of around

400 ppm was used for all experiments and reference values from Pearce [249] were

used for comparison. If available, the more recently published values from Rocholl

et al. [250] were taken. While some authors describe this type of sample as ho¬

mogeneous for 24 litophilic elements [250], others report significant changes in the

Mn, Fe, Cu, Ag, Cd, Tl, Pb and Bi concentrations [251]. Due to the crater sizes

and the scanning mode used for the ablation experiments and the fact that the

suspect elements represent less than 20 % of the elements measured within this

study, the heterogeneity of the sample was not considered further in the discus¬

sion.

The relatively high concentrations of trace elements allow the determination of

their concentrations within the laser-generated aerosols. In this study, concen¬

trations of three major elements and 39 of the trace elements were determined.

0.5 g of the glass standard was pulverized in an agate mortar providing a reference

standard to develop a suitable digestion procedure. Blank levels were determined

by separate digestion of 4 blank filters. Every experiment was repeated 4 times to
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calculate the measurement uncertainties. All vessels used for the experiment were

cleaned with fO %nitric and hydrochloric acid and were stored in f %nitric acid

prior to their use.

The multi-element standard used for calibration was prepared from f 000 ppm sin¬

gle element stock solutions with certified concentrations (CPI International, Santa

Rosa, CA; Merck, Darmstadt, Germany). Calibration standards with concentra¬

tions as low as 0.2 ppb were prepared freshly for the analysis. An ablation time

of 20 minutes at 266 nm was found to be sufficient to filter 50 /xg to 400 /xg of

particles leading to well measurable concentrations in the lower ppb range for all

trace elements in solution after digestion. Due to lower ablation rates and the

smaller ablation crater diameter on the f 93 nm laser ablation system, 30 minutes

of ablation was required to collect similar amounts of particles at this wavelength

compared to the amount of sample collected at 266 nmwhen applying the particle

separation device.

4.3.3 Results and discussion

Determination of major- and trace element concentrations in NIST

SRM610 standard glass

For developing a suitable digestion method for all elements considered in this work,

pulverized NIST SRM610 glass was digested and the recovery rate was determined

for each trace element. Due to limitations of the balance used in weighing sub-mg

quantities, the amount of powder (>f mg) was larger than the amount of parti¬

cles filtered from the aerosol after laser ablation (estimated <400 /xg). Therefore,

the recovery rates and also the absolute concentrations in the NIST glass were

determined for f 0 mg as well as for f mg powder to study the recovery rates as a

function of the amount of sample.

Recovery rates were determined based on the concentration differences between

the digest of pulverized NIST SRM610 and a multi element spiked NIST SRM610

powder digest. Before adding the digestion acids, the liquid multi element spike

was dried at 80°C to maintain comparable acid concentrations during the diges¬

tion. This procedure ensured that the recovery rate determination of the spike

was carried out under matched experimental conditions. However, the uncertainty

increased for smaller amounts of sample due to the enlarged weighing uncertainty.

All recovery rates were calculated to be within a range of 92 %- f 03 %for f 0 mg

and 80 % - f23 % for f mg sample weight as shown in Table 4.5. Taking into
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account the uncertainty of about 4 % (f s.d.) for fO mg and fO % (f s.d.) for

f mg sample weight, the recovery rates indicated that the assumption of the mea¬

sured recovery rates for even smaller amounts of sample (<400 /xg filter-collected

particles) is viable.

Concentrations measured in NIST SRM610 are in agreement with data compila¬

tions published earlier by Pearce et al [249] and Rocholl et al [250]. Considering

the relatively large uncertainty of 5-10 % (Is) given for the published data, all

concentrations measured within this work were found to be within the confidence

interval of 95 % (Table 4.5). Calculated standard deviations were about 3 times

larger when less sample was digested, which is attributed to the balance uncer¬

tainty. Nevertheless, average concentrations for f mg sample weight still fully

agreed with the published values when considering the enlarged uncertainty.

Differences between small and large particles in the aerosol

Three different particle size fractions from an aerosol (Figure 4.11) produced by

the 266 nm laser under He atmosphere were collected, digested and analyzed sepa¬

rately. The first fraction contained the entire aerosol, while for the second fraction

all particles above 340 nm and for the third one all particles above 125 nm were

removed by the particle separation device before collecting the remaining aerosol.

The reduction of the transported mass by the particle separation device was cal¬

culated from the averaged reduction of the concentrations of the major elements

within the filter digests. For the first separation step (340 nm cut-off) the reduc¬

tion was measured to be 28 %, while for the second step (125 nm cut-off) the

averaged concentration was reduced by 62 %. The relative reduction of the trans¬

ported particle volume was also calculated from the particle size distributions to be

36 %for the 340 nm size cut-off and 76 %for the f 25 nm size-cut off, respectively.

The second method shows reductions which are 8 %and 14 %,respectively, larger

than the more reliable calculation from the reduction of the absolute concentra¬

tions of the major elements within the solution. However, this deviation can be

explained by the particles smaller than dî)e=65 nm (volume equivalent diameter),

which cannot be measured by the optical particle counter and are not influenced

by the separation device. The relative fraction of these particles is larger for the

340 nm and the f 25 nmcut-off compared to the total aerosol leading to an overes-

timation of the volume reduction. Furthermore, the exact volume determination

of agglomerates of nano-particles is difficult as shown in section 3.3.
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Table 4.5: Compilation of concentrations mNIST SRM610 (/xg g"1)
Certified 10 mg powder 1 mg powder

Element value Cone /ppm sd Recoverya Cone /ppm sd Recoverya

Li 484 6b 439 13 106 % 457 15 96%

Be 465 6b 445 5 101 % 464 18 117%

Na 99063b 95900 3500 n/a 109300 3200 n/a

Al 10795b 10180 890 n/a 13280 210 n/a

Ca 81832b 72600 2200 n/a 78300 5100 n/a

Sc 441 lb 424 6 100 % 445 28 100 %

V 441 7b 424 2 3 9 99% 437 30 108 %

Mn 433 3b 460 9 99% 472 32 97%

Fe 457 lb 584 13 98% 570 30 101 %

Co 405 0b 451 9 92% 420 27 98%

Ni 443 9b 447 8 99% 455 34 94%

Cu 430 3b 444 14 100 % 451 26 98%

Zn 456 3b 496 16 92% 479 30 123 %

Ca 438 lb 442 9 100 % 451 33 99%

Rb 417 3b 417 8 99% 426 21 98%

Sr 491 9C 511 7 100 % 530 23 99%

Y 458 0C 418 7 98% 413 18 80%

Zr 436 8C 414 3 4 2 99% 437 27 101 %

Ag 239 4b 240 5 97% 245 14 101 %

Cd 259 4b 267 5 100 % 288 10 107%

In 4414b 441 9 3 5 99% 455 22 101 %

Ba 430 7C 450 8 99% 472 22 111 %

La 426 Ie 410 5 99% 411 25 94%

Ce 446 8e 452 5 97% 448 20 89%

Pr 442 9e 436 6 101 % 443 19 96%

Nd 429 4e 405 6 101 % 414 23 101 %

Sm 449 5e 424 5 102 % 444 18 101 %

Eu 443 6e 411 2 1 5 102 % 426 24 94%

Cd 441 6e 407 11 103 % 430 17 100 %

Tb 439 9e 429 0 2 9 100 % 429 16 89%

Dy 429 8e 419 6 3 5 101 % 416 25 87%

Ho 4494b 452 7 95% 442 15 90%

Er 433 5e 438 7 100 % 433 18 91 %

Tm 423 3e 424 8 103 % 443 16 95%

Yb 445 7e 418 8 99% 411 23 96%

Lu 431 1e 440 5 98% 422 12 92%

Hf 421 2e 395 8 103 % 423 20 105%

Tl 61 2e 62 1 99% 63 4 103 %

Pb 417 0e 436 8 97% 422 20 107%

Bi 357 7b 399 0 28 97% 401 20 110%

Th 445 8e 435 2 3 7 97% 415 16 93%

U 451 8e 456 4 3 1 96% 447 20 100 %

as d estimated at 4 %for 10 mg sample (10 %for 1 mg)
Reference values from Pearce [249], eReference values from Rocholl [250]
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Figure 4.11: Particle size distribution after the particle separation device showing the

two cut off points (90 %reduction) for the first and the second separation step.

Standard deviations are shown for 19 of the 32 size channels of the OPC. They are

larger when using the particle separation device because the setup of the turns is not

perfectly reproducible and, therefore, the separation efficiency is slightly different for

each experiment. 1 s.d. error.

To display variations in composition between different particle sizes without know¬

ing the exact masses collected on the filters, all concentrations were normalized

to the major element Ca. Figure 4.12 shows the relative change of the analyte to

Ca ratios for the different particle size fractions indicating a strong dependence

of the particle composition on the particle size. Several trace elements were sig¬

nificantly enriched relative to Ca in the smaller particles in comparison to the

total aerosol. The largest enrichment was measured within the <125 nm particle

fraction, where Cu, Zn, Ag, Tl, Pb and Bi were enriched by more than 60 %rela¬

tive to Ca. The enrichment of the particle size fraction <340 nm was lower than

for particles <125 nm but the elements showed a similar trend in their analyte

to Ca ratios. Enrichment and depletion effects were not only measured for trace

elements, but also for major elements. Na showed significant enrichment relative

to Ca in smaller particles, while the Al to Ca concentration ratio was independent

of the particle size.

Hence, enrichment of the generally more volatile elements in small particles rela-

4.3. Particle-size dependent elemental composition studies on filter - collected

and online measured aerosols from glass



110

Li

Be

Na

AI

Ca

Sc

V

Mn

Fe

Co

Ni

Cu

Zn

Ga

Rb

Sr

Y

Zr

Ag

Cd

In

Ba

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

Hf

Tl

Pb

Bi

Th

U

• Without Separation
O Cut off at 340 nm

t Cut off at 125 nm

II w-\| IAI
II Y<J\ \Wi

i iiaw i

rrCHÜ

II wrfll^ll
irTviwii

I I» IM

|| W-N IM

n tj \w

h»H

W

|| W>||A|
II TJ1HFI

\-^w—\

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Elemental ratio to Ca relative to the original aerosol (=1)

2.2

Figure 4.12: Filter collected and digested laser generated aerosols were measured by

SN-ICP-SFMS. The changes of element / Ca ratios for particle cut off sizes of 340 nm

and 125 nm are shown relative to the not separated, entire aerosol. Element / Ca ratios

deviating from 1 indicate enrichment (>1) or depletion (<1) of their concentrations

relative to Ca. 1 s.d. error.
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five to the total aerosol composition entails a depletion of these elements in large

aerosol particles, which could not be measured directly. However, during the

extensive scanning ablations carried out during the experiments, visible particle

depositions were obtained mainly near the cell exit. The particle size distribu¬

tion of this deposition was unknown but it is likely that it consisted of mainly

large particles. These deposits were also digested similarly to the filtered parti¬

cles. The elemental deviations of the non-transportable particle fractions from the

powdered NIST SRM610 showed an inverse concentration pattern in comparison

to the smallest aerosol particle size fraction (<125 nm) as shown in Figure 4.13.

It should be mentioned again that the particles deposited in the ablation cell were

not transported within the aerosol and do not represent the particles removed by

the particle separation device. However, this result supports the conclusions from

the experiment using the particle separation device and indicates that small and

large particles were changed in their elemental composition during the ablation

process.

The element pattern for elemental fractionation between small and large particles

shown in Figure 4.12 is very similar to the pattern of elemental fractionation in¬

dices published before for LA-ICP-MS using a similar wavelength and the same

type of glass standard [137]. However, even though the diagrams show the same

pattern it needs to be considered that the data were differently collected. While el¬

emental fractionation indices describe a shift in signal ratios during a LA-ICP-MS

analysis, this study shows elemental fractionation between small and large parti¬

cles within an aerosol that is in overall stoichiometric agreement with the sample.

The reason for the similarity of the results is that the laser-induced plasma and

the ICP affect the aerosol in a similar way. In a first step, the concentration of

more volatile elements is enhanced in small particles, which enhances in a second

step the ionization efficiency of these elements in the ICP, whereas large particles

(depleted in volatiles) are not vaporized, atomized and ionized completely.

Differences between small and large particles in the ICP-MS

The different composition of small and large particles has some important implica¬

tions for LA-ICP-MS analysis, since the ICP is not able to vaporize, atomize and

ionize large aerosol particles completely as shown in the following section (4.4) for

an Elan 6000 ICP-MS as well as by high speed camera pictures from particles in

the ICP [131]. According to this, the MSwill not measure a stoichiometric con-
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Figure 4.13: Comparison of particle compositions (element / Ca ratios) of the aerosol

fraction smaller than 125 nm with depositions of presumably dominantly large particles

collected within the ablation cell. The data show an inverse deviation, indicating that

elements enriched in small particles are depleted in large particles and vice versa. All

data shown here are referred to measurements of digested NIST SRM610 powder. 1 s.d.

error.
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centration of the sample as long as a broad particle size distribution is present in

the aerosol. However, the accuracy of an analysis depends strongly on the degree

of fractionation into different particle sizes, their relative transport efficiency, their

treatment in the ICP and the availability of a matrix matched standard material.

To study the degree of fractionation within the ICP, LA-ICP-MS signals from the

three aerosol fractions described in the section above (total particle distribution,

340 nm / 125 nm size cut-off) were measured online, and the count rates were

normalized to the calcium signal. The relative change of the signals after applying

the particle separation device compared to the original aerosol without particle

separation is shown in Figure 4.14. Assuming complete vaporization, atomization

and ionization of all particles from the aerosol in the ICP, Figure 4.14 should be

identical to Figure 4.12. This is not the case, even though there is a strong simi¬

larity between the two graphs.

One reason for the deviations between Figures 4.12 and 4.14 is that Ca, which is

used for the normalization, does not fully contribute to the ICP-MS signal due to

incomplete vaporization of large aerosol particles and therefore, the normalization

to the original aerosol lowers the relative changes of all elements that are more

volatile than Ca. By contrast, refractory elements such as Se, Y, Zr, Th and the

REEs, which were measured to be slightly depleted in small particles relative to

Ca (Figure 4.12) show, except the intensity for Ce, an enhancement in the LA-

ICP-MS signals (Figure 4.14). These elements seem to be even more refractory

than Ca and their vaporization in the ICP from large particles is therefore less ef¬

ficient compared to Ca. For the small aerosol particles, which are more efficiently

vaporized in the ICP, these elements show higher signals in comparison to the

original aerosol, where refractory elements are preferentially lost.

Composition of the total aerosol using different laser wavelengths and

ablation environments

The analysis of particles deposited in the ablation cell showed a significant de¬

viation from the ablated sample, indicating that the aerosol stoichiometry was

changed by the deposition of large particles being enriched or depleted in some

elements. Therefore, the composition of the total transported aerosol was deter¬

mined relative to NIST SRM610 powder. Again, the aerosols collected on filters

and NIST SRM610 powder were digested and analyzed by SN-ICP-MS. To fur¬

ther clarify the impact of different commonly used laser ablation conditions to
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the aerosol composition, two different laser wavelengths (193 / 266 nm) and gas

environments (He / Ar) were used for the aerosol production.

Considering a confidence interval of 95 %, no significant differences in the ele¬

ment / Ca ratios between the filter collected aerosols and the glass standard were

measured for most of the elements (Figure 4.15). However, results indicated that

there was a compositional change within the aerosol particles for Be, Fe and Cd,

which could not be explained. Cd for example shows the largest deviation from

the ablated sample, but has been described by Halicz et al. [135] to be in good

agreement with the certified values if calibrated using solution nebulization as

a reference. These results indicated that the aerosol composition has not been

changed for this element. In addition to the deviations from the ablated sample,

large standard deviations for Fe, Cu and Zn indicated another source of uncer¬

tainty, which can be explained by variations of the contamination measured on

blank filters.

The most fractionating elements within the different particle size fractions (Cu,

Zn, Ag, Cd, In, Tl, Pb, Bi, Figure 4.12) showed slightly larger deviations from the

standard material than most of the other elements, but the difference was signif¬

icant for Cd only. These variations can be interpreted as a remaining portion of

laser-induced fractionation. However, deviations of the elemental ratios measured

within the original sample and the laser-generated aerosols collected on filters were

small and indicated that the ablation process cannot be the dominant source for

elemental fractionation of glass samples (U / Th signal ratios have been shown to

change by up to fOO %during the first 20 seconds of an ablation [139]).

Assuming that the particle size distribution produced by scanning ablation rep¬

resents the first 10-20 seconds of a single hole ablation, this work shows that

elemental fractionation must occur within the ICP due to incomplete vaporiza¬

tion, atomization and ionization of large glass particles. Since it is known that the

particle size distribution is a function of wavelength, pulse duration, gas environ¬

ment and matrix composition, it can also be concluded that the reduced matrix

dependence observed for glass and mineral analysis using a f 93 nm laser ablation

system is based on the significantly smaller particles produced using such a wave¬

length [105], which results in a more complete transfer of these particles into ions

within the ICP.
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Figure 4.15: Deviations of the composition of total aerosols generated by using various

laser wavelengths (266 nm, 193 nm) and different gas environments (He, Ar) relative to

NIST SRM610 (element / Ca ratios shown). Except for Be, AI, Fe and Cd, the laser

generated aerosols collected on filters fully represent the composition of the sample. The

scale has been changed compared to figures 4.12 - 4.14 for better visibility. 1 s.d. error.
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4.3.4 Conclusions

Aerosols generated by laser ablation of glass samples using a f 93 nm or a 266 nm

laser were stoichiometric to the ablated sample within the uncertainty of the mea¬

surement. However, it was shown that large and small aerosol particles using a

266 nm laser were different in their elemental composition. Therefore, large parti¬

cles should not be removed from the aerosol in elemental analysis to reduce signal

noise in the MS, because this changes the overall aerosol stoichiometry. These

results also indicate that the glass wool used for particle separation by Guillong

et al. [139] did not separate the large particle fraction exclusively. Otherwise,

the U / Th ratio measured for the collected particles would not have been in

agreement to that of the ablated sample.

4.3. Particle-size dependent elemental composition studies on filter - collected

and online measured aerosols from glass
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4.4 Size-related vaporization and ionization of parti¬

cles in the ICP-MS

Published in Analytical and Bioanalytical Chemistry, 2004 ß34]

AAA Abstract

The vaporization and ionization size limit of particles in a laser-generated glass

aerosol in the ICP was determined to be smaller than 150 nmfor an Elan 6000 ICP-

MS. A comparison of different plasma forward power settings showed optimum

particle ionization at f 300 W.

4.4.2 Experimental

Instrumentation

A NIST SRM610 glass standard was ablated at 266 nm laser wavelength by us¬

ing an LSX 200+ laser ablation system (details in section 2.2). These conditions

provide an aerosol with a wide particle size distribution as required for the experi¬

ment. A leak-proof ablation cell with a volume of approximately 30 cm3 was used

to ensure a constant gas flow independent from the slightly raised carrier-gas pres¬

sure caused by the particle separation device. The particle separation device was

located 0.5 mdownstream from the ablation cell. Its variable setup was equipped

with aim long silicon tubing (i.d. f mm), which was wrapped around a glass rod

(diameter 8 mm). This arrangement allowed adjustment of the particle size cut-off

over a wide size range. The cut-off was defined as the size where the measured

amount of particles was reduced by more than one order of magnitude.

For the reasons reported in section 3.4, helium was used as the aerosol carrier

at a flow rate of f .7 1 min-1. In all experiments without particle separation, the

same setup was used with a straight silicon tube, where only a few of the largest

particles were lost.

After the particle separation device, the aerosol was split into two parts using a

Y-piece. A flow of 0.2 1 min-1 was directed to the particle measurement system

and the remaining 1.5 1 min-1 to the Elan 6000 ICP-MS. Particle size measure¬

ments were carried out using the HS-LAS OPC described in section 2.3. The

particle sizing uncertainty was the same for all measurements and was therefore

not considered in the standard deviations shown in the Figures 4.16 to 4.23.

4. Particle size related elemental composition - Impact on ICP-MS intensities
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Sample and experimental conditions

All experiments were carried out three times using a polished NIST SRM610

glass standard, since this standard contains relatively high amounts of trace ele¬

ments, resulting in a reasonable ICP-MS signal under the experimental conditions

used. To avoid overloading effects of the particle measurement instrument, a laser

repetition rate of f Hz at a crater size of 50 /xm and fOO %laser output (energy

density of 6 J cm-2) was applied. The sample was pre-ablated with 3 pulses before

carrying out single hole drilling experiments.

Experiments with the particle separation device were carried out using 30 single

spot ablation pulses without pre-ablation. The ICP-MS was operated using three

different plasma forward powers to monitor differences in ionization efficiency. The

helium carrier gas was admixed with argon before entering the ICP. Optimized

argon gas flows were found to be almost the same for all power settings. The

additional gas, which was admixed to the helium gas flow, was changed slightly

(1600 W: 0.9 1 min-1, others: 0.85 1 min-1) to reach optimum excitation con¬

ditions. Auxiliary (0.9 1 min-1) and cooling gas flows (16 1 min-1) were kept

constant.

Helium flow rates, which also influence the ICP conditions, were kept constant

because of the particle separation. An additional vacuum pump was connected to

the ICP-MS interface to maintain the vacuum conditions within the interface for

the helium/argon mixture comparable to argon only.

4.4.3 Results and Discussion

The first two sections of this chapter show the results using f 300 Wplasma power,

which is a common value for dry plasma conditions. In the third section, three

different plasma forward powers were compared to investigate the influence of

plasma conditions on the ionization efficiency of individual particle size fractions.

Experiments using the particle separation device

The particle separation device allows removal of a well-defined fraction of the

larger particles from the aerosol without changing the volume distribution of the

smaller particles. The particle size cut-off was adjusted by different numbers of

turns of the silicon tube. A range from 0.25 to 30 turns was applied, which leads to

particle cut-off sizes from 950 nm down to f 50 nm. From section 3.2 it is known

4.4. Size-related vaporization and ionization of particles in the ICP-MS
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that particles with a volume equivalent diameter (dve) of less than 150 nm are

mainly agglomerates of nano-particles. This indicates that at a high separation

efficiency, spherically shaped particles are almost completely removed from the

aerosol. The particle volume distributions after applying the particle separation

device are shown in Figure 4.16.
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Figure 4.16: Particle volume distribution after the particle separation device. The

legend refers to the numbers of turns of the separation device. 1 s.d. error.

Assuming complete ionization of all particles, the total particle volume measured

should be proportional to the integrated ICP-MS intensities. Experimentally, low¬

ering stepwise the particle cut-off size down to f 50 nm reduced the total volume

of particles entering the ICP and the particle measurement system. The decrease

of the volume was determined to be 60 %accompanied by a decrease in integrated

ICP-MS signal intensities of 30-40 %only (Figure 4.17). Linear regression curves

of intensity and volume through U, Th and Ca data points do not intercept at

zero, indicating incomplete vaporization and ionization of the aerosol particles

larger than f 50 nm.

Figure 4.18 shows the ratios of the integrated ICP-MS signal intensities normalized

to the total volume as a function of the cut-off size. In case of complete ionization,

the integrated signal intensities per volume would be constant. However, the ratio

decreased with larger cut-off sizes indicating that the ICP-MS was not capable

of ionizing particles above f 50 nm completely. For the matrix studied, the parti-

4. Particle size related elemental composition - Impact on ICP-MS intensities
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Figure 4.17: Integrated ICP-MS signal intensities versus volume for different selected

isotopes. Axis intercepts of the linear regression lines are different from zero, which

would be expected in case of complete vaporization and ionization. 1 s.d. error.

cle size limit for complete ionization was therefore equal or smaller than f 50 nm.

However, the volume contribution of spherical particles smaller than f 50 nm was

negligible (see section 3.2) and most of the particles in this size were agglomerated

nano-particles. These agglomerates are supposed to show a vaporization behavior

different from spherical particles. Considering the wavelength and matrix depen¬

dent particle size distribution in laser ablation, it must be concluded from these

experiments that most of the commonly used laser ablation systems produce par¬

ticle size fractions, which do not contribute quantitatively to signal intensities

detected by the ICP-MS.

Single hole drilling

Particle size measurements during single hole drilling experiments showed that

the particle size distribution of the aerosol changes dramatically with increasing

penetration depth of the laser. Time-dependent measurements of the particle size

distribution showed that at the beginning of the ablation more than 40 %of the

total particle volume was transported in particles larger than 200 nm.

After reaching a crater depth to diameter ratio of ~1 this is no longer the case

for a NIST SRM610 sample under the given ablation conditions and the size dis-

4.4. Size-related vaporization and ionization of particles in the ICP-MS
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Figure 4.18: The ratio of integrated ICP-MS signal intensities and total volume

transported is not constant, indicating that the larger particles do not contribute

quantitatively to the ICP-MS signal intensities. 1 s.d. error.

tribution was shifted towards particles mainly smaller than 90 nm. This indicates

that spherical particles are no longer present in the aerosol after the first f 00 ab¬

lation pulses. To achieve the necessary time resolution, the ablation was stopped

after every fO laser pulses and the total numbers of particles together with the

ICP-MS signal intensities were recorded simultaneously. Splitting an ablation of

400 laser pulses into 40 single ablations with fO pulses each neither influenced

the total transported particle volume nor the total ion counts, which was tested

by comparing the integrated signals of the 40 segments with continuous ablation

over the same number of laser pulses. Transport efficiencies for continuous and

segmented ablation were found to be constant and were determined to be overall

9.7±1.0 %, which is in good agreement with values reported in section 4.2.

When ablating a NIST SRM610 glass using a 50 /xm crater size, the particle vol¬

ume distribution in the aerosol showed a rapid decrease in the size-range between

1 /xm and 100 nm. The reduction was variable between the individual channels

but included all measured particle sizes of the given range and exceeded by far

an order of magnitude within the first f00 laser pulses. After fOO pulses, only a

few particles larger than f 00 nm were detected. Particles below f 00 nmdecreased

during the entire ablation, but their reduction was significantly smaller (see Fig-

4. Particle size related elemental composition - Impact on ICP-MS intensities



123

105

f 10"

m**

E

dT 103
a

>

102

.S2 101
D

0)

E

"I 10°
>

io-1

0.0

Shot 1-10

Shot 51-60

Shot 101-110

Shot 391-400

0.2 0.4 0.6

Particle Size / nm

0.8 1.0
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ures 4.19 and 4.20). This experimentally determined time dependent particle size

distribution allowed the particle cut-off size for before and after f 00 laser pulses

to be defined at about 90 nm.

The graph of the integrated ICP-MS signal intensities versus volume shows a sig¬

nificant non-linearity occurring between 100 and f20 pulses. This was measured

for major elements like Na as well as for trace elements like Th (Figures 4.21

and 4.22). Linear regression of the data points from the first fOO pulses, where

large particles were dominant, give an intercept deviating from zero. In contrast,

a linear regression through the last 30 data points shows strong correlation and

intercepts through zero, indicating that all particle fractions were completely ion¬

ized within the ICP.
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Figure 4.21: Integrated ICP-MS signal intensities of Na versus total particle volume

transported during a single hole drilling experiment. 1 s.d. error.

In conclusion, based on the cut-off size of 90 nmdetermined for single hole drilling

experiments, particles smaller than approx. 90 nm were completely ionized in

the ICP. The angle between the linear regression slopes of the data points of

the first fOO pulses (small and large particle fractions) and pulses ffO to 400

(small particle fractions) was defined to be the vaporization index [234] showing

the element-dependence of the vaporization and ionization efficiency. In case of

complete vaporization and ionization, signal intensities would correlate with the

particle volume introduced within the ICP, resulting in a vaporization index of

4. Particle size related elemental composition - Impact on ICP-MS intensities
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Figure 4.22: Integrated ICP-MS signal intensities of Th versus the total particle

volume transported during a single hole drilling experiment.

zero (a=0). This was only observable for Pb, while all other elements show sig¬

nificant deviations from a=0 as shown in Figure 4.23.

Furthermore, the vaporization index pattern in Figure 4.23 is an inverse func¬

tion of the fractionation indices calculated relative to Ca published by Fryer et

al. [137] for long-term ablations (4 minutes). Elements with high fractionation

indices similar to Si such as Na, Cu, Sn, Pb and U show a smaller vaporization

index a than elements fractionating like AI, Ca, Zr, Hf, Ta and Th. This variable

particle vaporization and ionization efficiency is an indication that elemental frac¬

tionation depends amongst other sources (see section 4.2 and 4.3) strongly on the

particle size distribution of an aerosol. Considering this relationship it becomes

clear that the calculation of fractionation indices relative to Ca leads to less pro¬

nounced fractionation for elements with vaporization indices similar to Ca. The

summary of Figure 4.23 is that the offset of the vaporization index from zero indi¬

cated incomplete vaporization and ionization of particles in the ICP. The element

dependent pattern represents the sum of laser-induced and ICP-induced elemental

fractionation.

4.4. Size-related vaporization and ionization of particles in the ICP-MS
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400 of a single hole ablation (1 s.d. error). A trend towards higher angles can be seen for

1000 Wplasma forward power, indicating better ionization at higher power settings.

Different values for the isotopes give a picture of elemental fractionation.

Comparison of ionization efficiencies using different plasma forward

powers

The plasma forward power is known to influence the sensitivity in LA-ICP-MS

and affects also the ionization efficiency of different particle sizes. Therefore, three

plasma forward powers (f 000 W, f 300 Wand f 600 W) covering the range of com¬

monly used ICP-MS conditions were studied. Because the present work can only

isolate the particle vaporization and ionization size-limit between a lower and an

upper particle size, a slight change in the ionization particle size-limit within the

given range of 90 nm to f 50 nm cannot be resolved. Experimental data using the

particle separation device show a dependence of the particle ionization efficiency

on the plasma forward power. Complete ionization of particles above f 50 nm was

not reached with any power setting.

Figure 4.24 shows the normalized integrated ICP-MS signal intensities versus the

normalized volume at three different plasma forward powers for a stepwise re¬

moval of the large particle fractions from the aerosol. The effect of plasma forward

power optimization can be expressed by linear regression of the normalized signal

intensities versus volume, where a higher slope indicates better vaporization and

4. Particle size related elemental composition - Impact on ICP-MS intensities
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separation device at different plasma power settings. A slightly higher slope and

therefore somewhat better ionization was observed at 1300 Wplasma power. Both axes

are normalized in terms of the mean of all values, 1 s.d. error.

ionization of particles. Figure 4.24 shows that the energy transfer at f 000 Wwas

less effective at vaporizing and ionizing particles than f300 W, and f600 Wwas

somewhere in between the two other settings. However, it should be noted that

uncertainties of the measurements overlap between all three power settings.

Single hole ablation experiments using different plasma forward powers show all

the same characteristics with correlation of the integrated ICP-MS signal intensi¬

ties and the total particle volume after fOO to 120 laser pulses. This shows that

particles smaller than 90 nmwere completely vaporized and ionized for all plasma

forward powers applied. Figure 4.23 shows variations of the vaporization indices

for different plasma forward power settings. Especially for f600 W, overlapping

error bars make it difficult to compare the different power settings. However, a

trend to high vaporization indices at f 000 Windicates most incomplete vaporiza¬

tion and ionization at this power setting (see Th, Hf, Zr, Al).

In general it can be concluded that the ICP vaporizes the more volatile elements

more efficiently. This is not surprising, since it has been shown (section 4.2 and

4.3) that these elements are enriched in the small particle size fraction. These

results demonstrate that a significant portion of the aerosol entering the plasma is

4.4. Size-related vaporization and ionization of particles in the ICP-MS
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not completely ionized in the ICP. The available flexibility in ICP-MS operating

conditions cannot overcome this problem [252].

4.4.4 Conclusions

With respect to the structure of aerosol particles given in section 3.2, the deter¬

mined ionization limit of particles in the ICP is not at a surprising particle size.

Exactly within the measured 90 to 150 nm, the structure of the particles changes

from a spherical shape to agglomerates of fine particles in the nm-range. These

mostly linear agglomerates are expected to vaporize much more efficiently within

the ICP compared to solid particles with a similar volume equivalent diameter

O-ve-

The finding that the averaged ICP-MS signal intensities per particle volume are

higher for the agglomerates compared to the mixture of agglomerates and large,

spherical particles shows that the volume of the agglomerates was not underesti¬

mated by the OPC. Underestimation would result in negative vaporization indices

indicating that spherical particles are better vaporized and ionized than agglomer¬

ates. However, based on these data, a volume overestimation of the agglomerates

cannot be excluded.

4. Particle size related elemental composition - Impact on ICP-MS intensities
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4.5 Summary

Within this chapter, it was shown that large aerosol particles generated by liquid

droplet ejection from the ablation spot have an elemental composition different

from the vapor-condensed particles also transported in the aerosol. This behavior

was measured for two completely different matrices, a brass metal and a glass

sample. However, the elemental depletion of the more volatile species in large,

spherical particles is more pronounced for brass, where they consist almost exclu¬

sively of the less volatile Cu. For the glass sample, a change of the element to

Ca ratio of up to 90 % relative to the total aerosol was detected. These results

indicate that whenever a laser-generated aerosol contains large and small parti¬

cle size fractions, elemental fractionation effects between different particle sizes

must be taken into account. This effect can be expected to be less pronounced

for narrow particle size distributions. Particle size distributions were shown to

change towards smaller particle sizes during a single spot ablation, which reduces

the particle size related fractionation effects after a certain number of ablation

pulses.

A second parameter to be considered is the total aerosol stoichiometry, which can

show deviations from the composition of the ablated sample. This effect was de¬

termined to be pronounced for brass aerosols, where the composition significantly

depends on the laser ablation conditions. A change of the ablation parameters

(193 nm ArF excimer laser or 266 nm Nd:YAG laser) and of the aerosol car¬

rier gas influences the total composition of the aerosol as shown in section 4.2.

However, these parameters have no influence for glass aerosols, where the aerosol

composition is similar to the ablated sample within the uncertainty of the mea¬

surements. This can be explained by thermal effects of the laser, which are less

dominant for silicates than for metals.

Elemental fractionation effects between different sized aerosol particles have no

influence on the analytical results, as long as all particle sizes are completely ion¬

ized in the ICP. Investigations on brass aerosols showed incomplete ionization of

large aerosol particles. Furthermore, the size-limit for complete ionization was

measured for glass particles to be below f 50 nm. The main fraction of particles

smaller than f 50 nm are agglomerates which are vaporized completely in the ICP.

Larger particles, which cannot be vaporized and ionized completely, show an el¬

emental composition different from the sample and the stoichiometry of the ions

generated in the ICP does therefore no longer represent the sample. Since the

4.5. Summary
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particle size distributions changes towards smaller particle sizes during a single

spot ablation, this results in a drift of certain MSsignal intensity ratios, known as

elemental fractionation. These fractionation effects are always expected to occur

for broad particle size distributions as is the case for many sample matrices and

laser ablation conditions.

As a conclusion, one can say that there are two possibilities to avoid elemental

fractionation effects. One is the exclusive generation of small aerosol particles

ensuring complete ionization of the aerosol within a common ICP source. The

second possibility would be to construct an ionization source, which is able to

fully vaporize and ionize even large aerosol particles without losing certain ele¬

ments due to mass discrimination effects before entering the MS. Raster ablation,

as proposed to reduce elemental fractionation [164], leads to constant, but matrix-

dependent signal ratios. In this case, quantitative analysis can only be performed

when matrix matched calibration standards are available.

4. Particle size related elemental composition - Impact on ICP-MS intensities
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Evaluation of a particle volume

based quantification strategy

for LA-ICP-MS

5.1 Theoretical considerations

Based on the fundamental studies on particle formation, measurement, compo¬

sition and ionization, a quantification strategy based on the transported particle

volume was evaluated. In contrast to the use of an internal standard element

(equation 5.1) the mass of the particles transported was measured and used to

compensate for differences in ablation and transport efficiency. For the calcula¬

tion, the second term in equation 5.1 was replaced by the particle volume and

density as shown in equation 5.2. Since the rest of both equations is identical, the

comparison of the two quantification strategies is reduced to these two factors.
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Cas Concentration of the analyte in the sample

Car Concentration of the analyte in the SRM

Cjss Concentration of the internal standard in the sample

Cjsr Concentration of the internal standard in the SRM
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IAs Signal intensity of the analyte in the sample

Iar Signal intensity of the analyte in the SRM

Ijss Signal intensity of the internal standard in the sample

IisR Signal intensity of the internal standard in the SRM

Vs Particle volume of the sample

Vr Particle volume of the SRM

ös Density of the Sample

ÔR Density of the SRM

When measuring the transported particle volume for the quantification of an

analysis, various aspects have to be considered. First of all, particles below 65 nm

in diameter cannot be size-classified due to their weak light scattering in the OPC.

For similar matrices of sample and SRM, this was not of importance due to the

comparable particle size distribution and the fact that a similar fraction of the

particles was not considered for the calculations. However, the situation changes

if the laser generates different particle size distributions for the solids ablated. For

example, smaller particles generated from the sample compared to the SRMwould

lead to an overestimation of the correction factor and subsequently to an overesti-

mation of the concentrations measured in the sample. It has to be mentioned that

the amount of particles <65 nm is very low as shown by the experiments using a

diffusion battery (3.5).

As a second parameter, the inability of the ICP to ionize large aerosol particles has

been considered. Particles larger than the ionization size limit of the ICP should

not be considered for the calculation. This is important especially for aerosols

containing larger particles as is the case for many samples when using a 266 nm

laser for ablation. However, even at f93 nm, aerosols from a transparent fluorite

and also from metal samples show particles in the /xm range (see section 3.2).

Signal intensities from mass spectrometers are a function of the mass of sample

introduced. Therefore, the volume density of the ablated sample as well as the

particle volume needs to be known. Unfortunately, the volume density of an un¬

known sample is not an easily accessible parameter which further complicates the

use of the particle volume for quantification.

5. Evaluation of a particle volume based quantification strategy for LA-ICP-MS



133

5.2 Experimental, results and discussion

Experimental

A Geolas M 193 nm excimer laser (see section 2.2) was coupled to an Elan 6100

DRCICP-MS. The shortest available laser wavelength was selected because of

smaller aerosol particles formed by f93 nm ablation from many sample matrices

compared to 266 nm ablation. The laser was operated at f 0 Hz and 40 /xm crater

size, except for the crater size comparison. The energy density was adjusted to

18 J cm-2, which allows the ablation of all the sample matrices used within this

study. A small fraction (~1 %) of the aerosol was separated by the aerosol dilu¬

tion instrument (see section 2.4) and used for particle size measurements. Further

details of the experimental setup are given in Figure 5.1. For each measurement

a one-minute ablation was performed and the total ICP-MS signal as well as the

counted particles were integrated over the whole ablation time, including the flush¬

ing time of the ablation cell. Each experiment was repeated 4 times to calculate

the uncertainty.

He ( Dilution )

up ^^^ ^^^^^J# cl opr

Ablation cell / I
,__ „_

/ ^^^^^—ICP-MS

Rotating disk dilution

Figure 5.1: Schematic drawing of the experimental setup.

Various certified SRMswere used for the comparison since exact values for the

internal standardization were required. For all non-metal samples, Ca was used as

the internal standard, while Cu was used as internal standard for the metal sam¬

ple. NIST SRM610, one of the most often used standards in LA-ICP-MS, was

used as a reference standard for these experiments. It was compared to samples

with similar glass matrices (NIST SRM612/614) as well as with a very trans¬

parent sample, fluorite, and dark basaltic glass (BCR-2G). Furthermore, a brass

sample (MBH B26) was selected as a representative sample for metals.

5.2. Experimental, results and discussion
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Results and discussion

In order to exclude variables that would affect particle size measurements (e.g. re¬

fractive indices), NIST SRM610 was ablated at various crater diameters (20/40/

60 /xm). From the volume distribution shown in Figure 5.2 it is evident that all

particles are smaller than approximately 120 nm and consist therefore mainly of

agglomerates of nano-particles (see section 3.2). These agglomerates are expected

to be vaporized completely in the ICP. A comparison of the volume standardiza¬

tion factors and the factors based on internal standardization is given in Figure 5.3.

The correction for different amounts of ablated sample led to comparable results

for the two methods. Correction factors between 40 /xm and 60 /xm crater size

showed a deviation of only 3 %, which is within the uncertainty between the dif¬

ferent runs. However, when reducing the crater diameter from 40 /xm to 20 /xm,

the reduction of the measured particle volume (74 %) was less than the reduction

of the signal intensity of the internal standard (8f %). This is equivalent to 35 %

lower concentrations determined by the volume correction compared to internal

standardization.

600

NIST 610, 40 urn

NIST 610, 60 urn

NIST 610, 20 urn

0.04 0.06 0.08 0.10 0.12 0.14

Particle size [u.m]

0.16 0.18 0.20

Figure 5.2: Particle volume distribution for NIST SRM610 at different spot diameters.

The maximum of the distribution does not shift for the different laser settings. 1 s.d.

error.

A similar comparison was performed using the NIST SRM6XX glass series to

measure the influence of the sample transparency on the volume standardization.

5. Evaluation of a particle volume based quantification strategy for LA-ICP-MS
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Figure 5.3: Correction factors (internal standardization and particle volume) for

different crater sizes for NIST SRM610. In addition, particles >100 nm resp. >120 nm

were not considered for the volume calculation. 1 s.d. error.

When changing from SRM6f0 to SRM614, reduced ICP-MS sensitivities were

measured as well as a reduction in the transported particle volume. The reduc¬

tion in sensitivity of 9 % was lower compared to the particle volume reduction

of 19 % (see Figure 5.4) resulting in an deviation of about fO % between the

two quantification strategies. Considering the uncertainties from the volume de¬

termination, this deviation was insignificant. However, sensitivities and particle

volumes showed a consecutive trend towards smaller values from SRM610 to

SRM612 and to SRM614.

The particle size distributions shown in Figure 5.5 are similar for the three glass

samples. None of the particles was classified larger than f 20 nm. There is no ex¬

planation for slightly higher particle counts for SRM612 in the smallest channel.

However, the deviation was still within the error of the measurement.

In addition to the transparent glass samples, a fluorite, a dark basalt and a brass

sample were investigated. For these samples, exact measurements of the particle

volumes were much more complicated, since the optical properties of these sam¬

ples deviate from glass or PSL spheres used for calibration of the optical particle

counter. However, the optical properties have a minor influence on Rayleigh scat¬

tering as it occurs at particle diameters <<A. In addition, the volume density of

5.2. Experimental, results and discussion
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Figure 5.4: Correction factors (internal standardization and particle volume) for

different glass standards (NIST SRM610/612/614). The measured decrease in particle

volume for 612/614 is slightly higher compared to the internal standard correction

factor. All ablation craters were 40 /xm in diameter. Is errors.

fluorite (5=3.13) and brass (6=8.6) had to be considered. BCR-2G (6=2.7) shows

a volume density similar to the glass standards (6=2.6).

For the dark BCR-2G glass, the sensitivity of the internal standard element (Ca)

was reduced by 35 %, while the particle volume remained almost unchanged (4 %

reduced). Correction factors are given in Figure 5.6. This difference can be ex¬

plained by the particle size distribution shown in Figure 5.7. There was a small

but significant amount of larger aerosol particles in the size range up to 0.5 /xm.

This was surprising, since dark samples more readily absorb the laser irradiation,

and no explanation can be given for the slightly enlarged particles compared to

NIST SRM610. Particles above a certain size were shown in section 4.4 to be

incompletely vaporized in the ICP, which was considered for the volume based

quantification. When particles larger than f20 nm or fOO nm, respectively, were

not considered in the calculation, the correction factor obtained approached the

factor obtained by internal standardization. However, considering only particles

below fOO nm still resulted in a volume based correction factor, which was fO %

below the factor for internal standardization (Figure 5.6).

A similar effect was measured for the fluorite sample, where a large amount of

5. Evaluation of a particle volume based quantification strategy for LA-ICP-MS
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Figure 5.5: Very similar particle volume distributions are obtained for the NIST

SRM610/612/614 glass series. None of the particles is larger than about 120 nm.

However, there is a slight reduction in the total transported particle volume from 610 to

614. Is error.

the aerosol consists of /xm-sized particles. When considering the total particle

volume for quantification, concentrations were underestimated by more than 60 %

compared to internal standardization. When particles smaller than f20 nm or

f 00 nm, respectively, are considered only, this deviation was reduced to less than

fO %(Figure 5.6).

For the brass sample, the volume standardization was not applicable as shown

in Figure 5.6. The reason can be found in the calibration of the optical particle

counter, which was not appropriate for metals. This is explained by the dipole

Rayleigh approximation used for monochromatic light scattering, where the po¬

larization of a sphere is an important parameter as shown in equation 5.3 [253].

p2s (1 + cos2®) (5.3)S\ —In •

IT

2Ä4

Sx

A

Ps

e

Scattered light intensity

Intensity of the light being scattered

Wavelength of the light

Polarizability of the sphere

Scattering angle: scattered light with ©>30° is collected by the OPC.
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Figure 5.6: Correction factors (internal standardization and particle volume) for

different sample matrices relative to NIST SRM610. 1 s.d. error.

Metal particles are more polarizable than non-metals leading to a higher light

scattering efficiency of the metal particles. This shifts the measured particle size

distribution towards larger particles and results in an overestimation of the trans¬

ported particle volume. Therefore, volume correction factors were too low when

using a non-metal SRMfor quantification. Results were slightly improved when

particles >f00 nm or >f20 nm, respectively, were excluded from the calculation.

The precision, however, is still poor in comparison to the internal standardization

approach.

5.3 Conclusions

Quantification in LA-ICP-MS by the use of an external standard reference ma¬

terial and the transported particle volume has been shown in this work to be an

alternative to internal standardization when using f 93 nm laser ablation. For var¬

ious matrix-matched glass samples with different transparencies, it was shown to

be a valuable way for quantification leading to results deviating by less than f 0 %

from elemental internal standardization. Even with a basaltic glass, results are

within an error of f 0 %. These small deviations can be explained by the Rayleigh

scattering theory (<<A), where the scattering efficiency depends mainly on the

5. Evaluation of a particle volume based quantification strategy for LA-ICP-MS
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polarizability of a particle, which is similar for the glass samples investigated.

However, the volume quantification approach leads to more precise results if parti¬

cles larger than f 00 nmor f 20 nm, respectively, are not considered. These particles

are not fully vaporized and ionized within the ICP and do not contribute to the

MSsignal intensities as pointed out in section 4.4. Especially for the transparent

fluorite, it has been shown that large particles have to be excluded from the calcu¬

lations for quantification. The reason was that even at f 93 nmablation, significant

amounts of large particles were generated from the fluorite. The influence of the

laser wavelength used for the experiments is also important. For 266 nm laser

ablation, the influence of the sample transparency and therefore the penetration

depth of the laser is much larger and leads to higher amounts of large particles in

comparison to the f 93 nm ablation (section 3.2) used within these investigations.

The presented approach for particle volume based quantification showed some

promising results for a selected application. However, this strategy cannot be

used as a general alternative standardization procedure for non matrix matched

calibration.

5.3. Conclusions



140

5. Evaluation of a particle volume based quantification strategy for LA-ICP-MS



141

6

Conclusions and Outlook

6.1 Conclusions

The investigations presented within this thesis provide new insights into the pro¬

cesses occurring during laser ablation, aerosol transport and excitation within the

ICP. The most important findings have been the following:

• It has been shown for the first time that nano-particles generated after laser

ablation by vapor condensation agglomerate directly after their formation

to /xm-sized agglomerates. This was shown to strongly influence their size

classification by various methods. The primary diameters of these particles

were found to be at around fO nm. Depending on the sample matrix, the

agglomerates showed fractal-like or fluffy structures.

• Within an aerosol, strong elemental fractionation effects between different

sized aerosol particles have been determined. Small particles were enriched

in the more volatile species, while the less volatile elements were enriched

in the large, spherical particles. This effect has been observed in metal and

glass samples.

• Spherically shaped particles with a diameter larger than a certain size (f 50 nm

for glass particles) cannot be vaporized fully and ionized within the ICP

source. Particles larger than this size are lost for the analysis in the ICP-

MS.

These results provide a more detailed picture of the effects causing elemental frac¬

tionation during LA-ICP-MS. Measured shifts of certain signal ratios during a
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single hole analysis are the result of a superposition of non-stoichiometric effects

occurring mainly during sample ablation and particle excitation in the ICP. Laser-

induced elemental fractionation between different sized aerosol particles leads sub¬

sequently to an enhanced vaporization and ionization of the elements enriched in

the small particle size fraction within the ICP. At the same time, large particles

pass the ICP without being vaporized and ionized completely, resulting in lowered

signal intensities of the less volatile elements enriched in these particles. Consid¬

ering that the amount of /xm-sized particles and, therefore, also the particle size

related fractionation, is reduced with progressive depth to diameter ratio during

a single hole ablation, the change in ICP-MS signal ratios can be explained.

However, the results of these investigations have also shown the limitations for a

particle volume based quantification strategy. The correct size-classification of the

agglomerated nano-particles is a serious issue but it is also a precondition for this

method. With the present techniques for online classification, the particle volume

can only be estimated. Considering also the limited vaporization and ionization

capabilities of the ICP, the applicability of the particle volume for quantification

in LA-ICP-MS is further restricted.

6.2 Outlook

The investigations presented in this study were mainly focused on the main draw¬

backs of LA-ICP-MS and demonstration that the precision and accuracy of this

technique is still limited by elemental fractionation effects. Further limitations are

the minimum amount of sample required for an analysis as well as the detection

limits in the ICP-MS. For the future of LA-ICP-MS, several technical improve¬

ments are, therefore, desirable. These are for example:

• lasers that are able to generate exclusively small aerosol particles, which

fully represent the stoichiometry of the sample,

• transport efficiencies close to f 00 %(today <~30 %) to enhance the sensitivity

of the method,

• ICP instruments transferring all the aerosol particles stoichiometrically into

ions without losing a large portion of the mass introduced by incomplete

vaporization and ionization,

6. Conclusions and Outlook
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• novel quantification strategies for the non matrix-matched quantification of

even completely unknown samples.

At the ablation site, research is focused on the generation of the smallest possible

aerosol particle sizes for all kinds of sample matrices. Shorter wavelengths and

pulse durations are under investigation to achieve better aerosol stoichiometries

and smaller particle sizes. Another approach currently under discussion is ablation

under reduced gas pressure [254, 255]. However, the technical implementation of

a vacuum ablation is difficult to realize due to the ICP source, which is operating

at ambient pressure.

Another promising approach using direct in-torch laser ablation has been presented

by Tanner et al. [256]. This setup provides better signal-to-noise ratios resulting

in lower detection limits and is expected to result in higher transport efficiencies.

However, the problem of incomplete vaporization and ionization of large aerosol

particles in the ICP cannot be overcome by this approach.

Even considering all the current limitations of LA-ICP-MS, it has to be kept in

mind that this technique provides huge capabilities. The 'easy' sample preparation

combined with high spatial resolution and low detection limits make it to an

indispensable analytical method for different fields of research.

6.2. Outlook



144

6. Conclusions and Outlook



145

7

Appendix

List of abbreviations

BCR Basalt from Columbia River

CPC Condensation Particle Counter

CPS Counts Per Second

da Aerodynamic Diameter

Clm Electrical Mobility Diameter

DMA Differential Mobility Analyzer

da Scattering Diameter

EDX Energy Dispersive X-Ray analysis

EF Elemental Fractionation

ELPI Electronic Low Pressure Impactor

EPMA Electron Probe Micro-Analysis

ESEM Environmental Scanning Electron Microscopy

ETV ElectroThermal Vaporization

FI Fractionation Index

fs femto-second

HS-LAS High Sensitivity Laser Aerosol Spectrometer

ICP Inductively Coupled Plasma

ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy

ICP-MS Inductively Coupled Plasma Mass Spectrometry

IR Infra-Red

LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass

Spectrometry
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LIBS Laser-Induced Breakdown Spectroscopy

MCPS Mega Counts Per Second

NIST National Institute for Standards and Tables

ns nano-second

OPC Optical Particle Counter

OPO Optical Parametric Oscillator

ppb parts per billion

ppm parts per million

ppt parts per trillion

ps pico-second

PSL Poly-Styrene-Latex

PSS Particle Size Selector

PTFE Poly-Tetra-Fluoro-Ethylene

REEs Rare Earth Elements

SEM Scanning Electron Microscopy

SFMS Sector Field Mass Spectrometry

SN Solution Nebulization

SRM Standard Reference Material

TEM Transmission Electron Microscopy

TOF Time Of Flight mass spectrometer

TXRF Total X-Ray Fluorescence

USGS United States Geological Survey

UV Ultra-Violet

vuv Vacuum Ultra-Violet

XRF X-Ray Fluorescence

7. Appendix
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