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ABSTRACT 

 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-

MS) has been successfully applied in many research areas. Compared to 

conventional analytical techniques, it has the advantages of minimal sample 

preparation and high spatial resolution capabilities. Elemental and isotopic 

fractionation, matrix effects and the lack of matrix-matched standards are 

problems that limit applications of this technique for routine analysis. The 

introduction of femtosecond laser (fs) pulses has improved the analytical 

capabilities of this technique in terms of precision, accuracy and detection limits. 

However, laser ablation involves complex processes that are not fully understood 

and requires extensive studies on laser-solid interaction, particle formation, 

particle transport and ionization of particles in the ICP ion source. 

The first main objective of my Ph.D. is to improve the analytical 

cababilities of LA-ICP-MS. This was covered in chapters 2, 3, and 4. Chapter 2 

focused on understanding the mechanisms of laser-solid interactions and the 

method of generation of femtosecond laser pulses. The differences between 

nanosecond and femtosecond laser pulses and optimization of the laser beam 

for better ablation quality were discussed. In Chapter 3, we evaluated the analytic 

al capabilities of fs-LA-ICP-MS using different standard reference materials 

(NIST and Basalt glasses). We showed that femtosecond laser pulses ablates 

materials with different transparency (NIST 612 vs. NIST 610) in a similar way. 

Matrix effects and fractionations were shown to be greatly reduced in fs-LA-ICP-
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MS. In Chapter 4, we investigated the effects of mixed Ar gas plasma by the 

addition of hydrogen and nitrogen to the central Ar gas before the ablation cell in 

fs-LA coupled with quadrapole mass spectrometer. Enhancement of sensitivity 

was observed as a result of increased plasma temperatures due to the high 

thermal conductivities of these gases. At the same time a slight increase in 

double charged ions, nitrides and hydrides was observed. Addition of nitrogen to 

Ar gas before the ablation cell in fs-LA-MC-ICP has improved sensitivity of Tl and 

Pb and helped to reduce and stabilize the mass bias. This created robust plasma 

conditions for precise and accurate Pb isotope ratios using Tl as a surrogate to 

correct for mass bias. 

The second objective of my thesis was to validate the application of LA-

ICP-MS to the analysis of sediment cores. In Chapter 5, we prepared sediment 

reference materials using low viscosity epoxy resin to get solid disks suitable for 

analysis by LA-ICP-MS. The data obtained by fs-LA-ICP-MS agreed well with 

those obtained by solution based-ICP-MS indicating the applicability of this 

technique for the analysis of sediment core. The usefulness of core analysis by 

LA-ICP-MS to interpret variations in element concentrations was demonstrated 

with a sediment core from Lake Erie. 
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1.1 INTRODUCTION  

Since the invention of the ruby laser in 1960, physicists have made 

extensive investigations of the interaction of laser radiation with all forms of 

matter [1]. The interaction of a high power laser beam with matter has many 

applications including chemical analysis, micromachining, pulsed laser deposition 

for thin film coating, and tissue and bone surgery in laser medicine [2]. The laser-

solid interactions involve complex processes (see figure 1.1) of heating, melting, 

vaporization, ejection of atoms, ions and molecules, shock waves, plasma 

initiation and plasma expansion [3, 4]. The various species produced during laser-

solid interaction include particulates, ground state atoms, excited atoms, and 

ions, and have all been utilized for elemental analysis via Atomic Absorption 

Spectroscopy (AAS), Atomic Emission Spectrodcopy (AES), and Mass 

Spectrometry (MS) [5, 6].  

The interaction of a high energy laser beam with solids can result in what 

is called laser ablation. Laser ablation (LA) is a process in which an intense burst 

of energy, delivered by a short duration laser pulse, is used to remove a tiny 

amount of material from the sample [7]. Laser ablation holds the promise of 

becoming the standard technique for solid sampling.  Analytical applications for 

laser ablation now cover a great range of academic and industrial fields, 

including geology, environmental science, forensics, medicine, semiconductor 

manufacturing, and archaeology [7]. 
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The development of techniques to introduce solid samples into analytical 

instruments and eliminate cumbersome digestion procedures have been a long-

term goal of analytical methodology research [8]. Compared with conventional 

dissolution techniques, laser ablation has many advantages. Most analytical 

techniques involve removing a portion of the solid sample, which is then 

dissolved in acid solutions. With this procedure, there is an increased risk of 

exposure to hazardous materials and there is an increased chance of introducing 

contaminants or losing volatile components during sample preparation [8]. 

Chemical analysis using laser ablation typically requires much smaller amounts 

Plasma plume 

Laser pulse 

Lens 

Damage caused 

to adjacent 

surface 

Heat affected zone 

Heat transfer Melt zone 

Micro cracks 

Shock waves 

Surface debris 

Ejected molten 

material 

Recast layer 

Figure 1.1: Schematic presentation of laser interaction with a 

solid, modified from reference [4]. 
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of the material (typically less than a microgram) than required for solution 

nebulization (about a milligram) [7, 9]. For laser ablation, most types of solid 

sample can be ablated for analysis; there are no sample size requirements and 

little or no sample preparation procedures [9]. Another advantage of laser ablation 

is the high spatial resolution of the sampling down to a few micrometers, which 

makes it superior in some applications such as depth profiling and 

micromachining. Techniques that separate sample introduction (accomplished by 

laser ablation) from sample atomization, excitation and ionization sources are of 

particular interest since each process can be independently optimized [5]. The 

application of laser ablation sampling in conjunction with inductively coupled 

plasma mass spectrometry (ICP-MS) has resulted in the development of 

extremely sensitive microprobes capable of determining most elements of the 

periodic table [10]. 

 

1.2 PROBLEMS 

In spite of the many applications, the exact mechanisms of laser ablation 

are not yet fully understood. Moreover, different kinds of mechanisms can play a 

role, depending on the type of material, the laser irradiance (energy per unit area 

per unit time), fluence (energy per unit area), pulse width, wavelength, beam spot 

size, repetition rate, and the gas environment above the sample.  In particular, 

LA-ICP-MS, which is today’s most suitable technique for direct solid analysis, still 

suffers from a number of drawbacks, which are related to the ablation process, 

the aerosol transport and the vaporization, atomization and ionization of the 

laser-induced products within the ICP [11]. Elemental fractionation (selective 
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vaporization of elements depending on their thermal properties) is one of the 

drawbacks that may occur during laser ablation, aerosol transport, and in the 

ICP, and can limit the precision and accuracy of this technique [12 -16].  Matrix 

effects and the lack of matrix-matched standards are other drawbacks that limit 

the applications of LA-ICP-MS.  

 

1.3 OBJECTIVES 

The work in this thesis can be divided into two parts. The first part 

concentrates on improving analytical performance of LA-ICP-MS through 

understanding ablation processes using different types of laser systems ( 

femtosecond and nanosecond lasers) and different gas mixtures (transport and 

ICP gas).  Scanning electron microscopy was used to study surface morphology 

of ablated materials. By this technique we were able to get invaluable information 

about the laser beam profile and ablation characteristics which helped us to 

optimize the operating conditions of the laser beam. In the second part of this 

work we validated fs-LA-ICP-MS as a technique that can be applied for chemical 

analysis of sediment cores. This was done by using a simple sample preparation 

technique and the analysis of sediment reference materials by fs-LA-ICP-MS. 

Chapter 2 describes the method commonly used to generate ultra short 

laser pulses and covers the basics of laser-solid interactions. Differences 

between femtosecond and nanosecond laser ablation are discussed. The 

problems encountered during this work regarding the laser beam profile and its 

optimization are also covered. 
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In Chapter 3 (published in J. Anal. Atom. Spectrom. 2008, 23, 1610-1621) we 

evaluate the analytical performance of near infrared (NIR) fs-LA-ICP-MS using 

femtosecond laser pulses operating at 785 nm and 130 fs with glass reference 

materials. The analytical results obtained for different reference materials are of 

great interest to many laboratories working with LA-ICP-MS and other similar 

techniques. The main questions of whether the pulse width affects the ablation 

behavior, fractionation and matrix effects were addressed in this chapter. 

Chapter 4 investigates the effect of plasma gas mixtures on the sensitivity 

of fs-LA-ICP-MS. Hydrogen or nitrogen was mixed with the Ar transport gas 

before the ablation cell. Enhancement of sensitivity is important for determining 

elements at ultra trace levels or elements with high ionization potential. Mixed 

gas plasma (N2+Ar) was also applied to the determination of Pb isotopes in NIST 

standard reference materials using femtosecond laser coupled to state-of-the art 

multiple collector inductively coupled plasma mass spectrometry (fs-LA-MC-ICP-

MS). 

In chapter 5, we applied fs-LA-ICP-MS for chemical analysis of different 

sediment reference materials (i.e. lake, stream and marine sediments). A simple 

method of sample preparation using Spurr low viscosity resin was applied to 

sediment reference materials and sediment cores. The results were compared to 

those obtained by solution ICP-MS and literature values. 

In chapter 6, I summarized my thesis and discussed future work that can 

be done to improve the cababilities of LA-ICP-MS as a high spatial resolution 

analytical technique. 
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1.4 LITERATURE REVIEW 

The first paper using laser ablation as a sample introduction technique for 

ICP-MS was by Alan Gray in 1985 in which limits of detection of less than 1 μg/g 

were demonstrated using relatively high laser powers to generate large pits [10]. It 

demonstrated the potential of laser ablation to be a powerful tool in the analytical 

sciences. In this study, geological samples were prepared in the form of disks 

and ablated by a low repetition rate (<1Hz) Q-switched ruby laser with λ= 694 nm 

and energies in the range of 0.3 -3 J. This ablation mode resulted in transient 

signals with precision limited by the pulse-to-pulse reproducibility of the laser. 

Laser ablation sample introduction can be broadly divided into two main classes, 

depending upon the mass of material ablated and the goal of the analysis. The 

two classes are: (1) bulk sample analysis (spot diameter generally >100 μm); and 

(2) microprobe analysis (spot diameter generally <100 μm) [12].  While Gray’s 

study produced large pits of 0.5-0.7 mm in diameter (no real microanalyses were 

done), earlier reports [17-20] of laser ablation had already demonstrated the ability 

of lasers to make pits that approached the diffraction limit of focus, which is 

typically a few micrometers. Since Gray’s work, there has been a developing 

trend towards small spot-size, microanalytical developments and applications of 

laser ablation ICP-MS [17-20]. 

Arrowsmith reported the first application of high-repetition-rate (10 Hz) Q-

switched Nd:YAG (λ=1064 nm) laser ablation to the analysis of  solids by ICP-MS 

[17]. Direct analysis of carbonates, zircon, olivine, and feldspars, and the ability to 

produce small ablation craters (20-30 μm) using a Nd:YAG laser at its 

fundamental wavelength (1064 nm) were demonstrated [18]. The use of a laser to 
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sample geologic materials allowed development of a relatively inexpensive 

microprobe for trace element and isotopic analysis of minerals. A laser sampling 

system specifically designed to sample solids at high spatial resolution and 

coupled to an ICP-MS analyzer for analysis of geological materials was first 

reported by Jackson et al. in 1992 at the Memorial University of Newfoundland 

[20]. 

The basic limitations in infrared (IR) lasers (i.e. coupling efficiency) led 

researchers to investigate the benefits of shorter wavelengths.  A move from the 

longer wavelength lasers of earlier systems (ruby laser of Gray [10] and 

fundamental Nd:YAG laser wavelength (1064 nm) of Arrowsmith [17]) to shorter 

wavelength systems (Nd:YAG frequency quadrupling: 266 nm, and quintupling: 

213 nm) improved energy absorption by many minerals and resulted in 

significantly improved ablation characteristics [12, 21, 22]. Laser wavelengths in the 

ultraviolet (UV) region are much more strongly absorbed than longer 

wavelengths resulting in rapid energy deposition over very short depths in most 

sample matrices.  However, some minerals (i.e. quartz, apatite, feldspar, fluorite 

and calcite) still have relatively low absorption even at wavelengths as short as 

266 nm [22]. Consequently, considerable interest has been expressed in shorter 

wavelength Excimer lasers as the ablation source. Excimer lasers use the 

primary UV photons emitted by an excited dimer in a gas mixture, such as XeCl 

(308 nm), KrCl (248 nm), ArF (193 nm), or F2 (157 nm). The 248 nm wavelength 

has little wavelength advantage over a frequency quadrupled Nd:YAG laser (266 

nm), so most attention has been focused on the ArF option (193 nm) [22]. Owing 
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to extremely strong absorption at this wavelength, excellent ablation 

characteristics have been demonstrated in a variety of geological samples [23]. 

Earlier work by Fryer et al.[12] and Jeffries et al. [24] demonstrated the 

limitations of LA-ICP-MS analysis because of significant fractionation effects 

observed during the ablation for some elements, especially Zn, Pb, and U which 

are of major interest in geological samples. Fractionation effects due to different 

ablation rates of various elements have prevented quantification without matrix-

matched standards with 1064 nm Nd:YAG lasers. These effects have been 

reduced but not eliminated using shorter UV wavelengths (i.e. quadrupled (266 

nm) and quintupled Nd:YAG (213 nm) harmonics) [12, 21]. 

LA using the 4th and 5th harmonics of Nd:YAG, i.e. at 266 and 213 nm, 

respectively, still represents the most common way of solid sampling [12, 22]. 

However, the formation of µm-sized particles generated during the initial stage of 

ablation has been identified to strongly affect precision and accuracy of Nd:YAG-

based LA-ICP-MS analysis [13]. These particles are known to insufficiently 

evaporate within the ICP source resulting in noisy and intensively fractionating 

elemental signals. In fact, nonaccurate quantification of UV-transparent matrices 

as a result of particle size-related elemental fractionation has been documented 

as a limiting factor preventing UV-nanosecond (ns)-LA-ICP-MS at 266 and 213 

nm to be considered as a universal tool for the analysis of both opaque and 

highly transparent materials [13]. In contrast, the introduction of laser systems 

emitting below 200 nm was found to significantly suppress the formation of µ-

sized particles enabling more reliable analyses for a wider range of sample 

materials. UV-ns-LA at 193 nm using an ArF-type Excimer has been proven to 
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create well-conditioned aerosols, both in terms of particle size and composition. 

Recently, UV-ns-LA-ICP-MS at 193 nm applying non-matrix-matched calibration 

and internal standardization has successfully been applied to analyses of various 

silicate glasses and minerals [16, 25]. Despite these advantages, excimer laser 

systems working at deep UV wavelengths are not easy to maintain and require 

operation in a nitrogen or a vacuum environment, since these wavelengths are 

easily absorbed by air. 

The thermal effects associated with nanosecond (ns) laser ablation lead to 

material re-distribution during the ablation process. As a consequence, the total 

composition of aerosols formed can deviate considerably from the bulk value, 

especially if intensively fractionating matrices such as brass or aluminum alloys, 

need to be analyzed. Reducing the pulse duration down to the femtosecond 

range has been suggested to improve the ablation characteristics by reducing 

thermal effects and to get closer to the concept of matrix-independent, 

stoichiometric sampling [26-28]. For instance, Russo and co-workers [27] found 

elemental fractionation during the analysis of various materials by near infrared 

(NIR)-femtosecond (fs)-LA-ICP-MS to be less pronounced. Furthermore, 

Gonzalez et al. [28] demonstrated the feasibility of non-matrix-matched calibration 

for several Zn-based alloy standards applying UV-fs-LA-ICP-MS. Koch et al. [29] 

explored the analytical figures of merit of ultra-violet femtosecond laser ablation 

inductively coupled plasma mass spectrometry (UV-fs-LA-ICP-MS) using the 3rd 

and 4th harmonics of Ti:Sapphire ( 265 and 200 nm, respectively). They 

demonstrated that signal ratios determined for highly and less fractionating 
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elemental systems such as 66Zn/65Cu, 208Pb/238U, and 238U/232Th are hardly 

affected by the wavelength or laser repetition rate applied. 

Successful applicability of laser ablation sampling for chemical analysis 

depends on several criteria. Among these are: sampling a sufficient and a known 

amount of mass; spot-to-spot reproducible sampling; absence of matrix effects 

such as different ablation rates, preferential vaporization, or fractionation, and 

efficient transfer of the ablated mass to the detection system. However, the 

ablation rate can be a function of the sample composition and preferential 

vaporization of low melting point elements can occur [30]. To understand and 

improve the capability of laser ablation sampling for ICP-MS chemical analysis, 

fundamental studies on laser-solid interaction, transport of the ablated material, 

and ionization inside the ICP must be done. 
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CHAPTER 2 

Fundamental Studies of Laser-Solid Interaction and Generation of 

Femtosecond Laser Pulses 
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2.1 INTRODUCTION 

The development of femtosecond lasers has already shown an impact on 

spectroscopic investigations in different areas in physics, chemistry, engineering, 

medicine, and biology [1, 2]. Time-resolved spectroscopy, multiphoton imaging, 

micromachining, communications, isotope separation, and generation of intense 

bursts of x-rays are among the large number of applications of femtosecond laser 

pulses. The pulse energy obtained directly from a femtosecond laser is in the 

range of nanojoules, which is not sufficient for many applications. These 

femtosecond laser pulses have to be amplified to the microjoule and millijoule 

level to get their full potential. However, the pulses can not be amplified directly 

since the high pulse intensity would damage the optics in the amplifier. This is 

because of the non-linear effects induced by the very high intensity of the 

femtosecond laser pulses. Chirped pulse amplification (CPA) is a technique used 

for generation of ultrashort laser pulses without damage of the active medium or 

optics used. The concept of CPA is that a femtosecond pulse train produced by 

the oscillator (i.e.  Ti:sapphire) is stretched (elongated in time by a factor of 1000-

10000 times ) in a pulse stretcher to reduce the intensity. The stretched pulse is 

then amplified to increase its energy. Finally, the amplified stretched pulse is 

compressed to produce energetic femtosecond laser pulses [3, 4]. The CPA is 

schematically shown in Figure 2.1. 
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2.2 CHIRPED PULSE AMPLIFICATION 

In order to generate a laser pulse within a femtosecond time domain, the 

active medium should have a broad emission bandwidth. This is because the 

relationship between the pulse duration and its spectral bandwidth is governed 

by the Fourier-transform-limited pulse relation: Kt  , where  is the 

frequency bandwidth measured at full-width at half-maximum (FWHM), t  is the 

FWHM in time of the pulse and K is a constant depending only on the pulse 

shape (i.e. it equals 0.441 for Gaussian). The requirement of sufficient bandwidth 

during the amplification process limits the number of materials (active media) that 

can be used for the generation and amplification of femtosecond laser pulses to 

three types of materials: dye lasers (580-900 nm), Excimer lasers (ultraviolet), 

and solid state media [5]. For solid state media, Ti:sapphire has an emission 

spectrum that can support pulses down to about 6 femtosecond (fs). Other 

ultrafast solid state media that have attracted attention include: Nd:glass, 

Yb:glass, Yb:YAG, Cr:YAG, and chromium-doped forsterite (Cr:forsterite)[3, 6, 7, 8]. 

A femtosecond laser system consists of four sections [4]: 1- the oscillator, which 

generates the femtosecond laser pulses. 2- the stretcher, which consists of a pair 

of optical gratings used to expand the femtosecond pulse width. 3- the amplifier 

used to amplify the stretched signal, and 4- the compressor, similar to the 

stretcher, used to compress the amplified pulses.  
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2.2.1 Ti:SAPPHIRE OSCILLATOR 

     Titanium-sapphire (Ti:Al2O3) crystal, the gain medium of the laser 

oscillator, is most often used for femtosecond pulse generation in the near 

infrared. Its broad gain bandwidth (~ 200 nm) and its high thermal conductivity 

and high damage threshold make it suitable for the generation and amplification 

of ultra short laser pulses of a few femtosecond pulse width at the 800 nm central 

wavelength [6, 9, 10]
. The minimum pulse duration that can be obtained from a 

spectrum with   nm at FWHM can be calculated from Fourier 

transformation:
c

Kt







2

0 , where 0  is the central wavelength and c is the 

velocity of light. This yields an expected minimum pulse duration for Ti:sapphire 

of about 5 fs [2]. Ultra short laser pulses are generated by mode locking (a 

technique by which a laser can be made to produce laser pulses of extremely 

short duration, on the order of picoseconds (10-12s) or femtoseconds (10-15s)). 

This mode-locked laser typically generates light pulses at high repetition rate 

(~108Hz). 

When light propagates through a dispersive medium, different frequency 

components travel at different speeds (group velocity dispersion) because of the 

dependence of the refractive index of the medium on the wavelength. These 

result in stretching out a short pulse made of different frequency components. In 

case of positive dispersion (i.e. propagation of a pulse in media with normal 

dispersion), higher frequency components travel slower than lower frequency 

components and the pulse is said to be positively chirped. The opposite situation, 

when the pulse travels through a medium of negative dispersion, higher 
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frequency components travel faster than lower frequency components and the 

pulse is said to be negatively chirped. In an ultra short laser oscillator, positive 

dispersion in the gain medium and other optical components must be 

compensated. This can be done by inserting optical components with negative 

dispersion (pair of prisms or specially made chirped mirrors) in the oscillator [3]. 

Figure 2.2 shows a Ti:sapphire oscillator pumped with an argon laser. 

 

2.2.2 THE STRETCHER 

The laser pulses obtained from the Ti:sapphire oscillator have energies of 

the order of a nanojoule and pulse duration of a few femtoseconds. For 

amplification of these pulses without damage of the optics used, the pulses are 

first stretched and then amplified. The pulses are stretched in time using the 

dispersion properties of a pair of gratings arranged to give positive group velocity 

dispersion, see figure 2.3 [11]. By placing a telescope between the grating pair, 

the dispersion is controlled by the effective distance between the second grating 

and the image of the first grating [10]. By making the effective distance between 

the gratings negative, the sign of dispersion of the grating pair can be changed 

from negative to positive [12]. The grating disperses different frequency 

components into different directions. So each frequency component has a 

different optical path and the one with shorter path length comes out of the 

stretcher earlier than the one with longer path leading to a stretched or chirped 

pulse in time (the pulse is stretched to several hundreds of picoseconds). The 
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amount of pulse stretching is determined from the distance: sgs LfL  4  [3] where 

Lsg is the stretcher grating separation and f is the focal length. 

 

2.2.3 AMPLIFICATION 

Now the original femtoseconed laser pulses, generated from the oscillator, 

after being stretched in the optical stretcher can be safely amplified without 

exceeding the damage threshold of the amplifier materials. Regenerative and 

multipass amplifiers are most widely used for the amplification of femtosecond 

laser pulses. Regenerative amplification is a well-established technique for 

efficient generation of microjoule and millijoule energy ultra short pulses from 

solid state lasers [13]. In regenerative amplifiers (Figure 2.4) the low energy 

stretched pulse is injected and trapped in a laser cavity similar to that of the 

oscillator using a fast-switching Pockels cell and thin film polarizer [10].  This is 

performed by stepping the voltage in two stages, firstly by a quarter wave, in 

order to trap the pulse in the amplifier cavity and then up to a half wave for 

ejection. The pulse makes several roundtrips in the cavity before the gain is 

saturated. Pulse energies of millijoule levels can be obtained from regenerative 

amplifiers [3]. 

For further amplification of the laser pulses, a multipass amplifier is used 

(Figure 2.5). In the multipass amplifier the laser beam passes through the gain 

medium multiple times without being trapped in a cavity. Multipass amplifiers 

have lower efficiency than regenerative amplifiers because the pump-signal 
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overlap must change on successive passes through the gain medium in order to 

extract the beam by separating it spatially [10, 11]. 

 

2.2.4 PULSE COMPRESSION 

Compression of amplified chirped pulses is the last stage in the generation 

of femtosecond laser pulses. This step is accomplished by using a grating pair 

similar to that used in the stretcher but arranged in such away to give opposite 

dispersion, as shown in Figure 2.6. The amount of pulse compression is 

determined by the grating separation Lc and the shortest pulses can be obtained 

when the stretcher grating separation Lsg equals the grating separation of the 

compressor. By changing the compressor grating distance Lc, continuous pulse 

widths can be obtained from the shortest compressed pulse to the 

uncompressed stretched value [3].  

 

2.3 LASER-SOLID INTERACTIONS 

The processes involved in laser-solid interactions are complicated and the 

mechanisms of interactions are different depending on the type of the material 

(conductor, semiconductor, or dielectric) and on the laser characteristics 

(wavelength, pulse duration, and fluence). Thermal and non-thermal mechanisms 

can be involved. For thermal processes, the laser wavelength plays an important 

role. For longer wavelengths, interaction of laser radiation with solids starts with 

the absorption of laser photons by the electrons in the material followed by 

electron lattice interactions that convert the absorbed laser energy into heat. 
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Melting and vaporization of the target material occur [14]. At shorter wavelengths( 

ArF 193 nm , F2 157 nm), the laser energy may be sufficiently high to break the 

bonds between the neighboring atoms of the target material and the ablation 

process takes place largely without heating effects (non-thermal process) [14]. 

 For evaporation to occur, the energy deposited in the laser-irradiated 

volume must exceed the latent heat of evaporation of the target, Lv, thus the 

minimum absorbed power density Pmin below which no evaporation will occur is 

given by [15]: 

                                         2

1

min )( pv DtLP                               (1) 

where   is the mass density of the solid, D the thermal diffusivity 
C

K


, K the 

thermal conductivity, C the heat capacity, and tp the duration of the laser pulse. 

 The time required for the sample to be raised to its vaporization 

temperature is given by [16]: 
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                       (2) 

where T0  is the initial temperature, Tv the vaporization temperature of the 

sample, and P the laser power density. As K, C, Tv depend on the composition of 

the sample, tv varies with composition. Hence, different elements will vaporize at 

different rates and a strong fractionation is linked to the thermal mechanism. 

Moreover, at the periphery of the crater, high temperature gradients exist, 

allowing segregation of elements of high and low boiling-point. Consequently, the 

ablated materials, in the form of droplets and vapor, may not have a composition 

wholly representative of the original sample [16].  
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The laser energy can be absorbed by the electrons of the material through 

single photon absorption (linear absorption) causing the material to breakdown. 

The cross section of such linear absorption mechanisms is high for opaque 

material using long laser pulses. In contrast, non-linear absorption processes 

(avalanche ionization and multiphoton ionization) become the dominant 

mechanisms in the interaction of ultra short laser pulses with transparent 

samples [3, 17].  

 

2.3.1 LASER-INDUCED BREAKDOWN 

Laser-induced breakdown is a process where a normally transparent 

material is transformed into an absorbing plasma by an intense laser pulse [3]. 

Such breakdown occurs when the density of electrons (known as critical plasma 

density) reaches approximately 1018 cm-3 for nanosecond or longer laser pulses 

and 1021 cm-3 for femtosecond laser pulses of wavelengths in the visible and 

near IR [3, 18]. These high electron densities provide a strong optical absorption in 

the plasma that can cause strong heating and damage to the material [18]. 

The initiation of laser induced breakdown requires the presence of seed 

electrons, whose mechanisms of production depend on the material [18]. For 

metals and semiconductors, free conduction band electrons can directly absorb 

the incident laser energy and be raised to higher energy levels. The electron 

energy is then transferred to the lattice via electron-lattice collision. In transparent 

dielectrics, there are no free conduction band electrons available to absorb the 

incident laser photons and the valence electrons are so tightly bound to their 
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nuclei that their ionization potential is greater than the incident laser energy. In 

fact, at lower laser intensity, the bound electrons do not absorb the laser light. So 

how can laser-induced breakdown be created in such a transparent dielectric 

material? 

 

2.3.1.1 AVALANCHE IONIZATION 

 As mentioned above, to initiate a laser-induced breakdown, seed 

electrons are required. These electrons are supplied by thermal excitation from 

impurity (naturally present in any material) states into the conduction band [19]. In 

the presence of seed electrons, a non-linear process known as avalanche 

ionization takes place. For nanosecond and long laser pulses, avalanche 

ionization is the dominant mechanism of laser-induced breakdown. In this 

process the seed electrons are excited by the high electromagnetic field of the 

incident laser radiation and gain enough kinetic energy to release bound 

electrons by colliding with them (impact ionization). The newly freed electrons, 

then gain enough energy to free more electrons, which can then free more 

electrons, creating an avalanche effect (Figure 2.7). When enough bound 

electrons are ionized by this avalanche process, a plasma with critical density is 

created and the transparent material is brokedown and becomes absorbing [3]. 

The seed electrons are not uniformly distributed across dielectric materials (i.e. 

are subject to statistical variation) and their concentration is very low (i.e. about 

108-1013 cm-3). The low concentration of seed electrons lowers the probability of 

the presence of a single seed electron in the interaction volume. The statistical 
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nature of the distribution of seed electrons and their low concentration explain the 

stochastic nature of laser ablation with nanosecond laser pulses (i.e. the 

threshold fluence required to produce laser-induced breakdown will exhibit large 

fluctuations) [3, 19]. 

  

2.3.1.2 MULTIPHOTON IONIZATION 

A second non-linear process responsible for the production of laser-

induced breakdown is multiphoton ionization. For dielectric materials with wide 

band gaps, it is not possible to excite a bound electron from the valence band to 

the conduction band through a single laser photon absorption because the 

ionization potential of the bound electron is higher than the laser photon energy 

[17]. For femtosecond lasers where the laser intensity is very high due to the 

extremely short laser pulse duration, bound electrons can be directly ionized 

through multiphoton absorption (i.e. simultaneous absorption of multiple photons) 

[3, 17], Figure 2.8. This process can occur provided that the energy of the 

absorbed photons exceeds the energy gap Eg of the dielectric material, gEkh  , 

where k is the number of absorbed photons, h is Plank’s constant, and   is the 

frequency of the laser photon. The rate of multiphoton absorption is proportional 

to the intensity of the laser radiation [3].  

The evolution of the free electron density n(t) in a dielectric material under 

the combined action of multiphoton excitation and avalanche ionization is given 

by [20] 

                          k

ka ItntI
dt

dn
  )()(                           (3) 
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where I(t) is the intensity of the laser pulse, αa is the avalanche coefficient,  and 

σk is the k-photon absorption cross section with the smallest k satisfying 

gEkh  , where   is the laser frequency. Multiphoton ionization mechanisms 

dominate for femtosecond laser ablation over nanosecond laser ablation and 

provide a larger number of seed electrons for the avalanche ionization process [3, 

19]. 

The laser ablation process using a nanosecond laser is different from that 

using a femtosecond laser. Here the pulsewidth plays an important role in 

determining the mechanisms of the ablation process. In laser-solid interaction, 

the vaporization process is often described by the one-dimensional heat flow 

equation [21]: 
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Where AandKCT ,,,,  are the temperature, mass density, specific heat, thermal 

conductivity and surface absorbance of the target, while I0 , b , and z are the 

intensity of the incident laser pulse, the absorption coefficient, and the z 

coordinate normal to the target surface. In femtosceond laser pulses the thermal 

conduction into the target can be neglected. The target temperature at the end of 

the laser pulse is given by [21] 
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Where ptIF 0  and tp are the laser fluence and the laser pulse width, 

respectively. Vaporization occurs when CT  exceeds the latent heat of 

evaporation per unit volume vL , where Lv is the latent heat per unit mass; 

                       vb LzAF   )exp(                                                              (6) 

The threshold laser fluence for femtosecond laser ablation is given by 
A

L
F v

th



  

and the ablation depth per pulse L is determined by the relation 
th

b
F

F
L ln

1
 [22]. 

At very short laser pulses, energy is absorbed at a very thin layer at the surface. 

This layer is the called skin penetration depth
1

 bsL   and the heat affected 

volume can be neglected. With increasing pulse width, heat conduction becomes 

important and heat begins to propagate into a larger volume of the target. The 

heat penetration depth due to thermal conduction is given by the thermal 

diffusion length pth DtL  , where D is the heat diffusion coefficient [3, 21, 23]. So, 

with nanosecond pulses, the heat affected volume is determined by the thermal 

diffusion length which is dependent on the pulse width. A larger volume means a 

larger amount of laser energy will be required to raise this volume to the 

vaporization temperature. As a result the material will be heated and melted and 

ablation and material removal is achieved through liquid splashing. 

The minimum spot size (maximum resolution) that can be obtained using 

a laser beam of wavelength λ in is diffraction limited and is given by the relation: 

[24, 25] 
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d

f
r

22.1
  

Where r is the radius of the spot, f is the focal length of the objective lens, and d 

(in cm) is the aperture of the laser device. It is clear from this relation that the 

spatial resolution increases as the wavelength decreases (i.e. moving from IR to 

UV). In fact, lens aberrations and thermal effects do not allow ablation pits with 

theoretical spot sizes to be produced in the case of nanosecond laser ablation. 

The resultant pit may be larger than theoretical due to heat conduction from the 

plasma formed at the ablation site.  Although the above relation is applied for any 

light beam passing through a narrow hole, the situation is different when pits are 

produced by femtosecond laser pulses. The minimum thermal effects, the 

absence of laser-plasma interaction and the well-defined ablation threshold of 

femtosecond laser pulses make it possible to produce pits with diameters smaller 

than the laser focus when the fluence is properly adjusted to be slightly above 

the ablation threshold. With femtosecond laser pulses the spot size is no longer 

limited by the smallest focus spot size given by the wavelength [26, 27]. 

 

2.3.2 LASER-PLASMA INTERACTION 

When an intense laser pulse interacts with a target material, plasma is 

produced above the target and an interaction (this interaction is negligible in case 

of femtosecond laser pulses) between the incident laser pulse and the laser-

induced plasma exists. The mechanisms of laser-plasma interaction include 

inverse bremsstrahlung(IB) and photoionization (PI) 
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In IB, free electrons absorb laser photons and gain enough energy to 

cause excitation and ionization of the laser-produced vapor through collisions 

with ground- and excited-state atoms. The IB absorption coefficient  IB  of the 

laser-induced plasma due to electron-ion collisions is given by [21] 
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Where IB  is the IB cross section, Ni and Ne the number density of ions and 

electrons, Z the ionic charge, h Plank’s constant, kB Boltzmann constant,   the 

laser frequency, Te the electron temperature, gff Gaunt factor, me and e the 

electron mass and charge, and c the speed of light. In the IB absorption, a 

photon can be absorbed only if the electron passes very close to the ion at the 

instant of absorption, i.e. it must collide with the ion ( a free electron is not 

capable of absorbing a photon, it can only serve as a scattering center). Hence 

the IB absorption coefficient IB  is proportional to the number of ions as well as 

to the number of free electrons per unit volume [28]. From the above equation, we 

can see that the strength of IB absorption is inversely proportional to the cubic 

frequency of the laser. This means that in laser ablation using IR laser pulses, 

there is a stronger absorption by the laser-produced plasma to the incident laser 

pulses (plasma shielding) than ablation using UV laser pulses. Plasma shielding 

reduces the energy coupling efficiency to the target material and hence the 

amount of ablated mass. 

During photoionization, laser photons are absorbed by atoms, molecules, 

and ions that compose the plasma and cause ejection of one or more electrons if 



 31 

the incident photon energy is larger than the binding energy of electrons. These 

ejected electrons enhance the probability of photon absorption by IB. The 

absorption coefficient of photoionization PI  is given by [21]:  

          n
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109.2
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                                (7) 

where PI  is the photoionization cross section, h : the photon energy (in eV), 

n : the ionization energy (in eV), and Nn : the number density of the excited state 

n (in cm-3). Here the probability of photoionization is dependent on the number of 

atoms in the excited states per unit volume.  

 

2.4 FEMTOSECOND VERSUS NANOSECOND LASER ABLATION 

Figure 2.9 shows in a simple way the difference between femtosecond 

and nanosecond laser pulses when focused onto a small spot size of micrometer 

scale. A 10 femtosecond laser pulse with energy of 1 mJ will produce a power 

density (energy per unit area per unit time) of 3.19×1016 W.cm-2 when focused on 

a spot size of diameter 20µm. Production of the same amount of power density 

on a similar spot size using nanosecond laser pulses requires energy of 1000 

Joules which is a huge amount of energy (i.e. 1000000 times the energy required 

by femtosecond laser pulses). This difference in power density (among other 

differences) contributes to the superiority of femtosecond lasers over 

nanosecond lasers in some applications. 

Figure 2.10 shows a scanning electron micrograph (SEM) of a crater 

produced by nanosecond laser pulses (266 nm Nd:YAG laser at pulse width ~ 8 
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ns) on brass. A considerable portion of large particles (in the form of solidified 

droplets) are ejected with the formation of high-rim crater. It is clear, from that 

image that the particles deposited on the sample surface are produced by the 

ejection of molten material. This is a direct indication of the thermal effects 

characteristics of nanosecond laser ablation. Large particles are not efficiently 

transported to the Inductively Coupled Plasma (ICP) and if transported they will 

not be completely atomized and ionized. Furthermore the elemental composition 

of laser produced particles from brass [29] and glass [30] samples have been found 

to be strongly size dependent. This degrades the performance of LA-ICP-MS. 

The situation is different when femtosecond laser pulses are used for ablation. 

Figure 2.11 shows SEM images of femtosecond laser ablation of materials 

having different properties (i.e. metals (brass, figure 2.11 a-b and gold, Figure 

2.11-c) and dielectric (NIST 610 glass, figure 2.11-d)). The ablation craters are 

clean and the effect of thermal melting is very much reduced. Large fractions of 

small size particles are produced with a tendency of smaller particles to 

agglomerate into larger masses (Figure 2.11-b). High reproducibility is 

associated with femtosecond laser ablation, (Figure 2.11 c and d) even with 

widely different matrices (glass and metals) indicating the deterministic and less-

matrix dependent behavior of femtosecond laser ablation. 

 

2.5 FEMTOSECOND LASER BEAM OPTIMIZATION 

During the course of this work, extensive investigations on surface 

morphology of different ablated materials using the scanning electron microscope 
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(SEM) have been done. Although the pulse width of a laser plays a very 

important role in determining the quality of ablation, other parameters 

(wavelength, fluence, spot size, repetition rate, beam profile and optics used) are 

also important as controlling factors of the ablation quality. For example, before 

running different experiments we had to make sure that we were using the right 

laser conditions. With femtosecond laser pulses, we were concerned about pulse 

stretching by the optics in the path of the laser beam from the laser source to the 

sample. We could not measure the pulse width of the raw laser beam at the 

source and at the sample to estimate the amount of pulse stretching due to 

problems associated with our autocorrelater (a device used to measure ultra 

short pulse widths) but we modeled pulse stretching using Lab View that showed 

insignificant pulse stretching in our optical system.  Another problem we met at 

the beginning of this work was the beam shape. Investigations on surface 

morphology using SEM indicated the distortion of the femtosecond laser beam 

and its deviation from a true Gaussian beam. This problem can have serious 

consequences on the analytical results especially for some applications that 

require homogeneity of the laser beam such as depth profile analysis and 

micromachining. Some of SEM images that show this distortion are shown in 

figure 2.12. Figure 2.12-a. is a crater produced by 20 femtosecond laser pulses 

of NIST 610. It should be a single crater if the beam has a Gaussian profile 

(figure 2. 12-e) and has energy above the ablation threshold. But because of 

beam distortion, different parts across the laser beam have different energies 

which could be higher or lower than the ablation threshold leading to multiple 
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craters. The same behavior was confirmed by ablating brass in scanning (figure 

2.12-b) and spot (figure 2.12 c-d) ablation modes, respectively. All of this work 

indicated that the laser beam might have a profile similar to the one shown in 

figure 2.12 f.  There could be many reasons for this; a) the high intensity of 

femtosecond laser pulses could cause this distortion, b) misalignment of optics in 

the laser system and c) lens aberration (different rays incident at the lens at 

different angles are focused at different points). We minimized these problems by 

careful alignment of optics (both inside the femtosecond laser system and the 

transfer optics from the laser to the sample) and careful choice of objective 

lenses that have little aberration. 

The work done in this chapter resulted in the significant improvement in 

the laser beam quality and resulting ablation characteristics that are required for 

improving the analytical performance of LA-ICP-MS. For example improving the 

beam profle (Figure 2—11 c,d) is essential for on accurate and precise  

elemental (Chapter 3 and Chapter 5) and isotopic analyses (Chapter 4). 
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Figure 2.1: Schematic diagram showing the principle of chirped-pulse 

amplification (CPA). The oscillator output is stretched in the optical 

stretcher. The peak intensity is reduced in this process. The stretched 

pulse is then amplified in the amplifier before recompression in a grating-

pair compressor. 
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Figure 2.2: Schematic diagram representing Ti:sapphire oscillator 

which consists of two double chirped mirrors (DCM1, DCM2) and fused 

silica (FS) prism pair for compensation of dispersion., Modified from 

Ref. [2]. 
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Figure 2.3: Schematic of a grating-pair pulse stretcher showing the 

arrangement for positive dispersion. G1 and G2 are diffraction gratings, 

L1 and L2 identical lenses separated by twice their focal length f. M is a 

mirror acting to double pass the beam through the system,  Modified 

from Ref. [11]. 
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Figure 2.4: Regenerative amplifier, Modified from Ref. [10]. 
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Figure 2.5: Schematic diagram of a multipass amplifier, Modified from Ref. [10]. 
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Figure 2.6: Schematic diagram for pulse compressor, Modified from Ref. [11]. 

grating 1 

Lc 



 42 

 
 
 
 

 
 
 
 

Free electron 
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Figure 2.7: Schematic diagram representing avalanche ionization process. 
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   Free electron 

Figure 2.8: Schematic diagram representing multiphoton ionization process. 
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Figure 2.9: Schematic diagram shows a comparison between femtosecond 

and nanosecond laser pulse. 
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                        a                                                                         b 

 
 

Figure 2.10:  Scanning electron micrograph (SEM) of a crater produced by 

nanosecond laser pulses on brass. The nanosecond laser system used was 

Nd:YAG laser operating at 266 nm and pulse width of about 8 ns. a: brass b: 

magnified image of a. 
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                          c                                                                               d 
Figure 2.11.  Scanning electron micrographs (SEM) of  craters produced by 

femtosecond laser (785 nm) pulses on  

a: brass; 

b: magnified image of a;  

c: gold: the surface is clean, no observed debris or ejecta, and high 

reproducibility of ablated craters. 

d: NIST 610 (glass reference material): similar to c , clean ablation and high  

reproducibility of the ablated craters. 
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Fig. 2.12 : SEM images of craters produced by 

femtosecond laser(785 nm) pulses on NIST 610 (a) and 

brass (b-d), ideal Gaussian beam (e) and distorted 

Gaussian beam (f). 
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CHAPTER 3 

 

Evaluation of the Analytical Performance of Femtosecond Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry at 785 Nm with Glass 

Reference Materials 
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3.1 INTRODUCTION 

Laser ablation (LA) with inductively coupled plasma mass spectrometry 

(ICP-MS) is a powerful analytical technique that has been applied to multi-

element analysis of trace, minor and major elements of solids in many areas of 

science including geological [1–3],  environmental [4-5], medical [6-7], biological [8-9] 

and forensic [10] as well as many other applications including semiconductor 

manufacturing [11-12]. In laser ablation, an intense laser pulse is used to remove a 

tiny mount of material from the irradiated sample [13–16]. Laser ablation is a 

complex process that is not fully understood. Many parameters involved in this 

process can interact in a complex way to make the processes of laser ablation 

complicated [17–24]. Wavelength, pulse width, fluence and repetition rate of the 

laser are among these parameters [25–30]. By decreasing the laser pulse width to 

the femtosecond (fs) range, mechanisms of laser-matter interaction become 

different. The non-linear mechanisms associated with fs laser ablation 

(avalanche and multiphoton ionization) are responsible for deterministic ablation 

behavior (i.e. well defined ablation threshold) and lower threshold fluence [31–33]. 

Ablation with fs laser pulses is less matrix-dependent and the produced particles 

have a narrower size distribution, with the maximum shifted toward the smaller 

size ranges compared to nanosecond (ns) laser ablation [34–36].This improves the 

transport and ionization efficiencies of the ablated material during LA-ICP-MS 

analyses.  

Over the last few years a number of studies have investigated the 

application of fs lasers systems to elemental and isotopic analysis of a range of 
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materials. Quantitative analysis of iron-based samples showed the improved 

analytical performance of UV-fs-LA-ICP-MS compared to ns laser ablation when 

non-matrix matched standards were used [36]. More precise elemental (Pb/U, 

Pb/Th) and Pb isotopic ratios in glass, monazite, and zircon were obtained from 

UV-fs-LA-ICP-MS compared to UV-ns-LA-ICP-MS [29 ]. Stable isotope ratios of Si 

and Fe were also determined using UV-fs-LA coupled to a multicollector 

inductively coupled plasma mass spectrometer MC-ICP-MS [37-38]. Precisions 

better than 0.1‰ (2 sigma) were obtained for both raster and spot ablation 

modes without the need of matrix-matched standards [38]. The use of UV fs laser 

pulses led to improved accuracy and precision of the analysis of Pb in zinc-based 

alloys [30].  

Elemental and isotopic fractionation have been investigated for a number 

of elements in different matrices using NIR fs-,UV fs- and deep UV-fs-LA-ICP-MS 

[40-41]. Russo et al. studied Pb/U ratios and elemental fractionation for most 

elements in NIST 610 using NIR fs-LA-ICP-MS in the fluence range 1.5–29 J cm-

2. The laser fluence has been found to have significant effects on fractionation 

indices and on Pb/U ratio with fractionation indices of almost unity for fluences 

between 1.5–3.2 J cm-2 [42]. 

Elemental ratios (66Zn/65Cu, 208Pb/238U and 238U/232Th) and fractionation 

indices of elements from Li to U of aerosols produced by UV (265 nm) and deep 

UV (200 nm) fs-LA of NIST 610 under varying fluence conditions (2–30 J cm-2) 

were also studied by Koch et al. [43]. It was found that these elemental ratios are 

hardly affected by the wavelength or the laser repetition rate. However, Ca-
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normalized fractionation indices for elements were found to deviate by more than 

20% from unity for fluences close to threshold fluence while at higher fluences 

less deviation was observed even for the most critical elements like Zn, Cd and 

Pb. ICP-induced elemental fractionation was observed at higher fluence due to 

increased mass loading of the plasma source. Horn et al. [40] studied elemental 

(Pb/U) and isotopic (56Fe/54Fe) fractionation using deep UV fs LA coupled to 

multicollector (MC)-ICP-MS. The results illustrated the absence of elemental and 

isotopic fractionation when the analyses were carried out without matrix match or 

when utilizing different ablation protocols between sample and calibration 

standards for spot ablation. Pecheyran et al. [39] used a high repetition rate (300 

Hz) and low energy (0.06 mJ) IR (1030 nm) with fs-LA-ICP-MS to study 

elemental fractionation of 41 elements in NIST 612. Fractionation indices close to 

unity have been observed which indicates negligible fractionation effects. Their 

results indicated that low energy and high repetition rate fs laser ablation 

behaves similarly to high energy and low repetition rate fs laser ablation in terms 

of elemental fractionation. 

The capabilities of NIR and UV fs LA and the influence of pulse width 

(from 60 fs to 3000 fs) on the analyses of geomaterials (monazite, zircon and 

NIST glass reference materials) by ICP-MS have been investigated by Freydier 

et al. [41]. Better analytical performance and more accurate 208Pb/238U ratios were 

obtained for the shortest pulse width. UV (266 nm) fs-LA did not show any 

improvement over 800 nm.  
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In this paper we report the analytical performance for a comprehensive list 

of elements, in terms of precision and accuracy, of NIR fs LA-ICP-MS replicate 

spot analyses of NIST and USGS glasses which collectively comprise a wide 

range of element concentrations in two significantly different matrices. Also the 

fractionation indices of 63 elements in NIST 610 have been investigated as well 

as the ability of NIR fs LA-ICP-MS to accurately measure the critical U/Pb ratio in 

different matrices and at variable concentrations. The purpose of this study is to 

critically evaluate the robustness of NIR fs LA-ICP-MS as an improved analytical 

method, for as large an element suite as feasible and at concentrations ranging 

from many mg g-1 to 10’s of ng g-1, for a range of silicate glass matrices. 

 

3.2 EXPERIMENTAL  

3.2.1 LASER ABLATION SYSTEM 

The laser ablation system at the Great Lakes Institute for Environmental 

Research (GLIER), University of Windsor, Canada, consists of a Quantronix 

Integra C® fs laser operating at the fundamental wavelength of 785 nm. It is a 

regenerative and multi-pass Ti:sapphire laser ablation system based on the 

Chirped Pulse Amplification (CPA) technique. The maximum energy that can be 

obtained from this laser system is 2 mJ (at 1KHz) in the near infrared (NIR). The 

operating conditions of the laser are shown in Table 3.1. A raw laser beam of 

pulse energy 0.58 mJ (prior to focusing) was used without any modifications for 

the analysis of calibration and reference materials. The pulse width may have 

been stretched to be greater than the primary output of 130 fs by the objective 
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lens and the ablation cell window. All work reported here used a repetition rate of 

20 Hz to achieve high signal/background ratios. Ablation was conducted in an Ar 

gas environment in an ablation cell mounted on a 3D computer-controlled 

translation stage. The sample surface was adjusted to be at the focus of the 

objective lens by moving the stage up and down and monitoring the clearest 

image of the sample surface through transmitted light and a CCD camera. The 

objective lens was simultaneously used for focusing the laser beam and imaging 

the sample and the focus was assumed to be at the position where the clearest 

image takes place.  

 

3.2.2 ICP-MS: 

The ablated material was transported from the ablation cell to the ICP-MS 

by Ar carrier gas through a 1.5 m polyethylene transport tube with an internal 

diameter of 4 mm and analyzed using a ThermoElectron X7-II® ICP-MS. The 

instrument was optimized prior to analysis for maximum sensitivity and low oxide 

formation (ThO/Th <0.1%) at constant laser energy (0.58mJ) and constant crater 

size (75 mm) while NIST 610 was moved at a speed of 5 µm per second under 

the focus of the laser beam. A summary of ICP-MS specifications and operating 

conditions is shown in Table 3.2. The experimental setup for laser beam path 

and optics is shown in Figure 3.1. 
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3.2.3 MATERIALS:  

Trace element doped glass reference materials (NIST 610, NIST 612, and 

NIST 614) and fused basalt glass reference materials from the United States 

Geological Survey (BCR-2G, BHVO-2G, and BIR-1G) were used as unknown 

samples with NIST 612 as an external standard for all experiments. Various 

studies have verified the homogeneity of these NIST reference materials for most 

elements with the exception of some volatile or non-lithophile elements, including 

F, Br, Se, Ag, Cd, Re, Au and Tl, which can be partly lost during glass 

manufacture and are expected to have heterogeneous distribution within the 

glass material [44–47]. Analyses of USGS basalt glass reference materials using 

different analytical techniques have indicated their homogeneity on the µm to mm 

scale with respect to major and most trace elements [48–50].  

All samples were polished and cleaned by immersion in dilute nitric acid 

(2%) for a minute and then by sonication for 15 minutes in MilliQ® water. 

Immediately before analysis, the surface of each sample was cleaned with 

ultrapure ethanol. For each measurement, a fresh area on the sample surface 

was ablated at a fixed position at the focus of the laser beam. To determine the 

precision and accuracy of the analysis, 10 replicate analyses of each sample 

were conducted. The experiments were carried out in the following cycle 

sequences (2 NIST 612, 10 unknown, 2 NIST 612). The unknown can be NIST 

610, NIST 612, NIST 614, BCR-2G, BHVO-2, or BIR-1. Sixty three elements 

have been quantified using the internal standard method, with Ca as an internal 

standard. 
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3.3 DATA ACQUISITION AND REDUCTION 

All LA-ICP-MS measurements were carried out using time- resolved 

analysis operating in a fast peak jumping mode (one point per peak, 10 ms dwell 

time and 1.78 ms average settling time). Each spot analysis consists of 60 s gas 

background followed by 150 s ablation for signal collection. The ablation cell was 

flushed for 1 minute (no ablation) between analyses to reduce memory effects. 

Background-corrected signals were obtained by subtracting the acquired analyte 

intensity (counts s-1) of a gas blank (60 sec without laser firing) from the gross 

analyte signal intensity (counts s-1) obtained during lasering the sample (150 s of 

ablation). Data manipulation was performed off-line using commercial 

spreadsheet software by manual operation and in-house written software based 

on Longerich et al. [51]. The element concentrations used for calibration (NIST 

612) and analytical comparisons were obtained from the preferred values of 

GeoRem (Jochum, Nehring and Stoll, Max Plank Institute for Chemistry, 2006) 

published online [52]. 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 ABLATION CHARACTERISTICS  

Figure 3.2 shows CCD camera images of NIR-fs laser ablation of 3 

different transparent materials (NIST 610, 612, and 614). The images show that 

the ablation behavior of fs laser pulses at the fundamental wavelength (785 nm) 

is similar for materials with significantly different transparencies (lowest NIST 610 

to highest NIST 614. More information on the ablation behavior of fs laser pulses 
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can be obtained by going down to the microscopic scale, through the study of the 

ablated materials using a Scanning Electron Microscope (SEM). The Quanta 

FEG SEM at the Great Lakes Institute for Environmental Research (GLIER), 

University of Windsor, Canada, was used to image ablated surfaces to 

investigate the morphology of ablation structures on NIST 610. Figure 3.3a 

presents a traverse ablation (speed 5µm s-1) of NIST 610 in air produced by NIR-

fs laser pulses at an energy of 0.12 mJ (measured before the focusing lens) and 

a repetition rate of 10 Hz. Figure 3.3b and 3.3c are magnified images of figure 

3.3a. The SEM images show minimal thermal effects. Most of material deposited 

on the surface around the ablation line consists of fine condensate particles of 

fluffy material with only a few spherical particles of melt droplets having 

diameters smaller than ~500 nm. Figure 3.3e shows an individual NIR-fs laser pit 

on NIST 610. The crater walls are clean and do not show the high rim or 

solidified droplets of melt ejecta characteristic of ns laser ablation. The 

irregularities in the edge structure are likely related to inhomogeneities in the raw 

laser beam that was used for ablation. Cracks on the bottom of the craters were 

observed and signs of some thermal effects can be seen through the worm-like 

structure at the bottom of the craters. Figure 3.3f shows the reproducibility of two 

craters produced by 300 laser pulses on NIST 610. In general, SEM images 

indicate that the dominant mechanism responsible for fs laser ablation is 

vaporization and subsequent condensation (as can be seen from the produced 

fine particles) in contrast to ns laser ablation where melt expulsion is the 

dominant mechanism of ablation. 
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The abundance-normalized sensitivities for elements in NIST 612, 612, 

614, BCR-2G, BIR-1G, and BHVO-2G ablated under conditions listed in Tables 

3.1, and 3.2 while moving the samples at a speed of 5 µm per second are shown 

in Figure 3. 4. For ablation using NIR fs laser pulses, all the glasses have very 

similar values and patterns of abundance-normalized sensitivity indicating little 

relative matrix dependency. The average abundance-normalized sensitivity for 

most elements higher than mass 89 (Y) was greater than 25000 cps /ppm for 

NIST 612 for scanning mode. 

 

3.4.2 ELEMENTAL FRACTIONATION 

Figure 3.5 shows the fractionation indices calculated in this study. The 

results are compared to those calculated by Fryer et al. [53] using a ns laser (266 

nm). Fractionation indices were determined for two different ablation times (80 

and 140 s) to test the influence of the increased depth of the ablation craters on 

elemental fractionation. We used a 20 Hz repetition rate in our experiment (Fryer 

et al. used 10 Hz) which means that the sample in our experiment was ablated 

by almost the same number of pulses as in the Fryer experiment. However the 

ablation rates in both cases are not the same which makes it difficult to get the 

same aspect ratios for a fair comparison. 

Elements (P, Cu, Zn, Ga, Ge, As, Se, Mo, Ag, Cd, In, Sn, Sb, W, Re, Au, 

Ti, Pb, and Bi) which tend to have high fractionation indices (i.e. >1.5) in 

nanosecond laser ablation (266 nm, Fryer et al.[53]) have fractionation indices 

close to unity when using NIR fs laser pulses for ablation. The calculated 
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fractionation indices for 140 s ablation do not show significant differences from 

those calculated for 80 s ablation and are similar to those calculated for 193 nm 

nanosecond laser pulses [54]. 

3.4.3 QUANTIFICATION OF REFERENCE MATERIALS 

In a test primarily of precision, all measured concentrations of NIST 612, 

treated as an unknown, agreed very well with the GeoReM values, although it is 

perfectly matrix matched, being calibrated against itself. Most of the elements (52 

of 59) are within ±1% of the GeoReM values. The seven other elements (Sc, Rh, 

Cd, Pt, Au, Tl, and Bi) have deviations greater than ± 1%, but all lie within ± 1 SD 

(standard deviation) of the GeoReM values. RSDs are better than 3% for the 

majority of elements.  

Concentration data for NIST 614 (Table 3.3, most elements at < 2 ppm) 

are within ±4 % of the GeoReM data for the majority (43 of 54) of elements 

detected. Only 6 elements lie outside ± 10% (Li, Be, B, Ti, Cr, and Au). Of these 

Li, Be, and Ti have concentrations very close to the detection limit (less than 

twice the detection limit). The detection limit was calculated as 3 times the 

standard deviation of the background according to Longerich et al. [51] ( the list of 

detection limits is provided in Appendix B). The B concentration measured in this 

study (10.75 ppm) was much higher than the GeoReM value (1.44). Gagnon et 

al. [55] determined the concentration of B in NIST 614 as 19.7 ppm while 

Kurosawa et al [56] determined it to be 4.83 ppm. This variation in the measured B 

concentration might be an indication of contamination of the samples by B. RSDs 

for NIST 614 are less than 10 %, except for Li, Be, Ti, V, Cr, Co, Zn, Ga, Ge, Mo, 
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and W. The high RSDs of Be, V, and Co are related to the low concentration of 

these elements in NIST 614. Five elements (P, Sc, Fe, Ni, and Se) had 

concentrations lower than the detection limits and could not be quantified. 

The measured NIST 610 concentrations (Table 3.4) for most elements lie 

within ±4 % of the GeoReM published values (44 of 59).   Deviation greater than 

10 % are observed for a few elements: B, Mg, P, K, Pd, and Bi. Deviation of Pd 

can be attributed to its lower concentration in NIST 610 (1.1 ppm). Most elements 

have external reproducibility of less than 10 %. 

Table 3.5 lists the measured element concentrations in the basalt glass 

BHVO-2G. The majority of elements (40 out of 52) are within ± 15 % of the 

GeoReM values while six elements have concentrations lower than the detection 

limits (As, Rh, Pd, Cd, Re and Bi). Of the 7 elements that deviate more than 15% 

from the GeoReM values (P, Fe, Zn, Ge, Y, Sb and W) Ge, Y, Sb and W are 

either within the range of other reported values (Y) or within 1 ppm of the 

GeoReM values. The major deviation is Zn, which also has a fractionation factor 

slightly lower than unity in our fractionation experiment (figure 3.5) as well as in 

that of Koch et al.[43] , and this might be the reason for its deviation from GeoReM 

values. RSDs for the majority of elements are better than 10 % with the 

exception of Be, Ge, In, Sb, Cs, Pt, and Ti. 

Analytical errors of elements in BIR-1G (Table 3.6) were less than ± 15 % 

for the majority of elements (30 of 51 detected). Deviations of more than ± 15 % 

were observed for K, Ti, Ge, Y, Ag, Gd, Tb, Ho, Er,  Tm, Lu, Hf, Pt, Au and U. 

Beryllium, B, As, Mo, Rh, Pd, Cd, Cs, W, Re, Tl and Bi are found in BIR-1 at 
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concentrations lower than the detection limits. RSDs for the majority of most 

elements are better than 10 % with the exception of Ge, Ag, Pt, Au, Pb, and U. 

Concentrations of most elements in BCR-2G (Table 3.7) agree within ± 15 

% of the GeoReM values. Deviations greater than ± 15 % were observed for 5 

elements; B, Ga, Ge, Cd, and Pt.  Pt had the greatest deviation but it agreed with 

the value of Gagnon et al. [55]. Ge has a low concentration in BCR-2G (1.5 ppm) 

while Cd has a concentration (0.2 ppm) close to the detection limit (0.1 ppm). 

Precisions (RSDs) were better than 10 % except for B, Na, Cr, Ni, Ag, Cd, In, Pt, 

Au, Tl and Bi. The lower precisions for Cd, In, Pt, and Bi are related to counting 

statistics since these elements are present at low concentrations in BCR-2G. The 

chondrite-normalized concentrations of BCR-2G (Figure 3.6) indicate the utility of 

NIR fs LA under typical analytical conditions for accurate multielement   analyses 

across the broad spectrum of elements and concentrations (Li-U) used in 

geological research investigations. 

 

3.4.4 ANALYTICAL PERFORMANCE OF NIR (785 NM) FS LA-ICP-MS 

The combined analytical data for the 6 glass reference materials studied 

demonstrate reduced (virtually eliminated except for Zn and Cd?) elemental 

fractionation by NIR femtosecond laser ablation under typical analytical 

conditions. The measured 206Pb /238U ratios of all the NIST and the USGS 

reference materials (Table 3.8) are identical to those calculated from elemental 

concentrations of Pb and U listed in reference [52], taking into account their 

natural isotopic abundances. This lack of measurable fractionation is achieved 
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while using laser fluence required for very low detection limits during LA-ICP-MS 

analysis. 

The excellent agreement of our analytical data with reference values even 

at very low concentrations (e.g. at 100 ppb in BHVO-2G, for such diverse 

elements as Sb, Cs, and W; Table 3.4) during multielement (63) analyses 

demonstrates that NIR (785 nm) fs LA is a robust front end for ICP-MS analysis. 

UV fs LA systems appear to provide equivalent quality data to NIR systems [41, 

43], when fluences significantly above ablation thresholds are used. However, 

typically, fs laser systems have primary pulse energies in the few (1-3) mJ range 

and the loss of pulse energy moving to the UV and deep UV range will 

compromise their performance when low detection limits are required or when 

large ion beams are required for isotopic analyses of elements at moderate 

concentrations, e.g. Sr at a few 100 ppm.  

 

3.5 CONCLUSIONS 

The concentrations determined for NIST glasses and basalt glasses using 

fs-LA-ICP-MS  agree well with the certified, reference, and information values 

within a mean relative difference of   ± 1 % (NIST 612, calibrated against itself), ± 

4 % (NIST 610) and ± 4 % (NIST 614), and ± 15 % ( BIR-1, BHVO-2, BCR-2G). 

NIR fs laser ablation showed little evidence of matrix effects. Elemental 

fractionation of elements that tend to have higher fractionation indices in ns laser 

ablation has been greatly reduced or eliminated when an NIR fs laser was used. 

This is related to the minimal thermal effects and the fine particles produced by 
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the NIR fs laser. Accurate single spot analyses (assuming the sample is 

homogenous) can be obtained by NIR-fs-LA-ICP-MS, which can avoid the 

problems associated with surface contamination, surface roughness, and sample 

size (in case of samples of limited sizes) encountered during raster analysis. 

More investigations are needed to establish the benefits of NIR vs UV and deep 

UV fs laser pulses, i.e. wavelength, for different applied analytical applications, 

as studies to date have not addressed this fundamental question. Based on 

studies [41, 43] to date there do not appear to be any obvious advantages to the 

added complexities of working in the UV and the loss of available laser energy 

may be a distinct disadvantage  for studies requiring low detection limits or high 

precision in-situ isotopic measurements of elements at trace levels. 
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Table 3.1: LA system specifications and operating conditions 

Manufacture: 

Model: 

Type: 

 

Wavelength: 

Repetition rate: 

Pulse energy: 

Pulse width: 

Fluence: 

Objective lens: 

Quantronix 

Integra C®   

Ti:sapphire based on the Chirped Pulse 

Amplification (CPA) technique 

Fundamental: 785 nm 

Up to 1kHz, experiment: 20 Hz 

Maximum: 2mJ/pulse, experiment: 0.58 mJ 

<130 fs 

13 Jcm-2 

10X  
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Table 3.2: ICP-MS instrumentation and operating conditions 

Manufacture: 

Model: 

Detector type: 

Dynamic range:   

Sensitivity (sol.): 

Cone type:  

Plasma conditions: 

Resolution: 

RF power: 

Plasma gas: 

Auxiliary gas: 

Nebulizer gas: 

Sampling depth: 

Data acquisition parameters 

Data acquisition protocol 

Scanning mode 

Masses analyzed  

Elements quantified 

Dwell time: 

Average settling time 

Time / scan 

Number of scans 

ThermoElectron® 

X7-II® 

ETP® dual mode (pulse and analogue counting) 

 ~1.3 x 109 ICPS 

~350× 106 ICPS/ppm 

High Performance Interface (HPI) 

Standard 

Standard (125), High (140) 

1400 W 

13 L min-1 

0.98 L min-1 

1.04 L min-1 

140 mm 

 

Time-resolved analysis 

Peak-jumping mode 

76 

63 

10 ms 

1.78 ms 

895 ms 

233 

 
 
 
 
 
 
 
 
 
 



 73 

Table 3.3: Analyses of NIST 614 and comparison to published values, the relative error (%) were 

calculated relative to Jochum et al. [52]. Concentrations are in ppm, DL=detection limit. 

Element Isotope 
  

This 
study 

RSD 
(%) 

 
Relative 
error (%) 

Jochum 
et al. 
[52] 

Gagnon et 
al. 

 [55] 

Jacob 
[57] 

Gao et 
al. [58] 

Kurosawa 
et al. [56] 

 

Dulski 
[59] 

Li 7 2.46 11.23 53.88 1.60 1.80 1.65 1.70 1.69 -- 

Be 9 0.82 22.25 22.14 0.67 -- 0.69 0.74 0.66 -- 

B 11 10.75 9.10 668 1.40 19.80 1.66 -- 4.83 -- 

Na 23 103005 1.81 -- -- 103000 86622 93469 -- -- 

Mg 25 35.85 3.08 2.44 35.00 35.00 34.33 32.00 34.90 -- 

Al 27 11001 1.30 -- -- 10600 -- -- -- -- 

Si 29 335528 1.91 -- -- 343000 -- -- -- -- 

P 31 <DL -- -- 13.00 13.00 -- -- -- -- 

K 39 29.97 3.05 -0.11 30.00 -- -- -- -- -- 

Ca 43 85764 0.00 -- -- 73300 -- -- -- -- 

Sc 45 <DL -- -- 1.60 -- -- -- 1.53 -- 

Ti 47 4.21 10.59 23.94 3.40 -- -- -- 3.37 -- 

V 51 1.02 20.95 1.85 1.00 1.00 0.97 1.09 1.00 -- 

Cr 52 1.28 15.10 -28.88 1.80 -- --  1.23 -- 

Mn 55 1.41 5.44 0.54 1.40 1.30 1.37 2.20 1.35 -- 

Fe 57 <DL -- -- 19.00 -- --  15.60 -- 

Co 59 0.84 21.74 -0.84 0.85 0.88 0.69 0.71 0.68 -- 

Ni 60 <DL -- -- 1.00 -- -- -- 1.04 -- 

Cu 65 1.37 3.38 0.12 1.37 -- -- -- 1.19 -- 

Zn 66 2.52 15.36 0.80 2.50 -- 1.76 1.90 2.16 -- 

Ga 69 1.48 17.44 -1.02 1.50 1.40 1.10 1.12 1.19 -- 

Ge 72 0.88 10.30 -0.87 0.89 1.11 0.81 -- 0.88 -- 

As 75 <DL -- -- 0.66 -- 0.59 -- -- -- 

Rb 85 0.85 5.44 -0.22 0.86 1.157 0.95 0.87 0.87 0.98 

Sr 86 45.97 1.65 0.37 45.80 42.6 42.62 44.30 45.00 46.00 

Y 89 0.80 3.79 0.47 0.80 0.70 0.75 0.77 0.79 0.81 

Zr 90 0.83 4.02 -0.74 0.84 0.85 0.78 0.80 0.77 0.93 

Nb 93 0.84 1.99 3.30 0.81 0.80 0.79 0.78 0.78 -- 

Mo 95 0.80 11.91 0.38 0.80 0.80 0.76 0.70 0.80 -- 

Rh 103 1.65 2.45 2.83 1.60 1.60 -- -- -- -- 

Pd 105 2.10 1.92 5.21 2.00 2.00 -- -- -- -- 

Ag 107 0.43 5.91 3.42 0.42 0.43 0.36 -- -- -- 

Cd 110 0.54 7.16 -7.36 0.58 -- 0.57 -- -- -- 

In 115 0.88 6.57 -0.06 0.88 0.82 -- -- 0.73 -- 

Sn 118 1.59 3.01 -0.74 1.60 -- 1.57 -- 1.56 -- 

Sb 121 0.79 6.05 0.79 0.78 0.82 0.78 -- 0.69 -- 

Cs 133 0.66 2.70 6.98 0.62 0.62 0.60 -- 0.59 0.66 

Ba 137 3.22 7.39 0.56 3.20 3.0 2.90 -- 3.15 3.30 

La 139 0.71 2.90 -1.88 0.72 0.67 0.69 -- 0.75 0.72 

Ce 140 0.80 1.69 -1.32 0.81 0.85 0.74 -- 0.78 0.79 

Pr 141 0.76 2.17 -0.30 0.76 0.80 0.72 -- 0.76 0.80 

Nd 146 0.76 3.01 3.22 0.74 0.74 0.70 -- 0.77 0.73 

Sm 147 0.75 5.27 -0.06 0.75 0.73 0.73 -- 0.79 0.75 

Eu 153 0.76 4.62 -0.38 0.76 0.73 0.73 -- 0.78 0.78 
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Gd 155 0.75 6.19 0.11 0.75 0.78 0.74 -- 0.80 0.79 

Tb 159 0.73 3.04 0.16 0.73 0.74 0.71 -- 0.76 0.77 

Dy 163 0.74 7.91 -0.01 0.74 0.74 0.76 -- 0.83 0.74 

Ho 165 0.74 3.83 0.51 0.74 0.76 0.75 -- 0.81 0.74 

Er 166 0.74 4.86 0.21 0.74 0.68 0.75 -- 0.81 0.75 

Tm 169 0.74 3.73 0.97 0.73 0.68 0.74 -- 0.80 0.75 

Yb 172 0.77 4.16 -0.62 0.77 0.74 0.78 -- 0.84 0.74 

Lu 175 0.72 3.44 -0.99 0.73 0.70 0.75 -- 0.80 0.74 

Hf 178 0.70 5.60 -0.19 0.70 0.70 0.77 -- 0.74 0.74 

Ta 181 0.80 4.31 0.88 0.79 0.81 -- -- 0.83 --- 

W 182 0.88 11.53 -0.56 0.88 0.92 0.74 -- 0.74 -- 

Re 185 0.17 5.21 2.25 0.17 0.17 -- -- -- -- 

Pt 195 2.40 1.82 4.55 2.30 2.43 -- -- -- -- 

Au 197 0.63 6.55 40.25 0.45 2.50 0.42 -- 0.41 -- 

Tl 205 0.31 8.91 9.83 0.28 0.28 -- -- 0.24 -- 

Pb 206 2.35 3.50 1.10 2.32 2.63 2.22 2.40 2.07 2.50 

Bi 209 0.57 3.18 -2.44 0.58 0.59 0.55 -- 0.50 0.78 

Th 232 0.75 3.88 -0.13 0.75 0.79 0.77 0.74 0.83 0.83 

U 238 0.83 2.73 1.36 0.82 0.79 -- -- 0.80 -- 
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Table 3.4: Analyses of NIST 610 and comparison to published values, the relative error (%) were 

calculated relative to Jochum et al. [52]. Concentrations are in ppm, DL=detection limit. 

Element Isotope 
This 
study 

RSD 
(%) 

Relative 
error (%) 

Jochum 
et al. 
[52] 

Gagnon 
et al. 
 [55] 

Gao et 
al. [58] 

Pearce 
et al 
[47] 

Rocholl 
et al.  
[44] 

Dulski 
[59] 

Li 7 475.3 3.6 -2.0 485.0 496.9 484.0 484.6 -- -- 

Be 9 465.7 2.9 -0.1 466.0 475.7 473.0 465.6 -- -- 

B 11 274.5 6.3 -22.9 356.0 363.0 --  -- -- 

Na 23 98717.5 5.9 -- -- 99792.0 97174.0 99100.0 -- -- 

Mg 25 610.0 1.2 31.2 465.0 473.0 463.0 465.3 -- -- 

Al 27 10729.1 3.1 -- -- 10950.0 11626.0 10800.0 -- -- 

Si 29 321857.6 2.4 -- -- 330910.0 -- --- -- -- 

P 31 379.6 8.3 10.7 343.0 346.8 343.0 342.5 -- -- 

K 39 396.6 3.1 -18.4 486.0 487.0 -- -- -- -- 

Ca 43 81830.0 0.0 -- -- 81830.0 -- -- -- -- 

Sc 45 460.1 1.7 4.3 441.0 446.1 442.0 441.1 -- --- 

Ti 47 467.3 1.1 7.7 434.0 438.0 434.0 434.0 -- -- 

V 51 441.1 4.6 -0.2 442.0 439.3 442.0 441.7 -- -- 

Cr 52 402.5 6.1 -0.6 405.0 404.8 404.0 405.2 -- -- 

Mn 55 454.6 4.2 -6.3 485.0 439.0 435.0 433.3 -- -- 

Fe 57 454.3 6.9 -0.8 458.0 465.3 -- -- -- -- 

Co 59 404.6 7.3 -0.1 405.0 408.0 405.0 405.0 -- -- 

Ni 60 455.4 7.5 -0.7 458.7 447.2 445.0 443.9 -- -- 

Cu 65 429.5 7.1 -0.1 430.0 433.2 430.0 430.3 -- -- 

Zn 68 452.6 4.9 -0.7 456.0 463.2 455.0 456.3 -- -- 

Ga 69 429.3 2.0 -2.0 438.0 442.2 437.0 438.1 -- -- 

Ge 72 424.4 5.6 -0.4 426.0 435.1 -- -- -- -- 

As 75 316.2 11.9 -0.2 317.0 424.1 -- -- -- -- 

Rb 85 412.0 2.9 -3.2 425.7 425.2 431.0 431.1 417.3 411.0 

Sr 86 519.9 2.5 0.9 515.5 503.2 497.0 497.4 491.9 505.0 

Y 89 452.8 3.7 0.6 450.0 452.4 450.0 449.9 458.0 454.0 

Zr 90 450.2 3.2 2.3 440.0 443.2 439.0 439.9 436.8 456.0 

Nb 93 460.9 2.8 10.0 419.0 423.7 420.0 419.4 -- -- 

Mo 95 410.2 4.8 0.0 410.0 379.9 378.0 376.8 -- -- 

Rh 103 1.3 12.0 -0.9 1.3 1.3 -- -- -- -- 

Pd 105 1.4 3.2 31.3 1.1 1.1 -- -- -- -- 

Ag 107 240.0 6.9 0.4 239.0 244.7 -- -- -- -- 

Cd 110 258.8 8.4 -0.1 259.0 268.4 -- -- -- -- 

In 115 438.8 8.3 -0.5 441.0 443.4 -- -- -- -- 

Sn 120 396.4 7.4 0.1 396.0 401.5 400.0 396.3 -- -- 

Sb 121 383.6 1.4 4.0 369.0 380.0 377.0 368.5 -- -- 

Cs 133 356.7 4.7 -1.2 361.0 362.3 360.0 360.9 357.3 372.0 

Ba 136 446.2 2.5 2.6 435.0 435.9 425.0 424.1 430.7 452.0 

La 139 457.0 2.7 0.0 457.0 470.0 457.0 457.4 426.1 440.0 

Ce 140 452.2 2.2 0.9 448.0 457.7 448.0 447.8 446.8 456.0 

Pr 141 434.0 2.2 0.9 430.0 442.2 430.0 429.8 442.9 472.0 

Nd 146 434.8 2.1 0.9 431.0 442.5 430.0 430.8 429.4 430.0 

Sm 147 455.3 2.1 1.0 451.0 463.4 449.0 450.5 449.5 446.0 
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Eu 153 459.2 3.7 -0.4 461.0 471.1 460.0 461.1 443.6 459.0 

Gd 155 443.3 3.2 -0.2 444.0 429.2 420.0 419.9 441.6 466.0 

Tb 159 445.8 2.8 0.6 443.0 452.0 442.0 442.8 439.9 457.0 

Dy 163 454.6 2.1 6.5 427.0 435.4 426.0 426.5 429.8 437.5 

Ho 165 449.4 1.6 0.1 449.0 458.7 448.0 449.4 439.8 451.0 

Er 166 458.5 2.0 7.6 426.0 434.0 426.0 426.0 433.5 455.0 

Tm 169 450.6 2.2 7.3 420.0 428.1 420.0 420.1 423.3 453.1 

Yb 172 477.3 2.7 7.3 445.0 469.0 460.0 461.5 445.7 452.0 

Lu 175 445.9 2.6 2.5 435.0 443.4 435.0 434.7 431.1 451.0 

Hf 178 431.2 2.9 -0.2 432.0 427.8 418.0 417.7 421.2 443.0 

Ta 181 478.2 2.4 5.8 452.0 386.8 376.0 376.6 -- -- 

W 182 446.8 4.8 0.4 445.0 452.1 -- -- -- -- 

Re 185 47.4 11.8 0.9 47.0 106.2 -- -- -- -- 

Pt 195 3.1 4.8 -1.9 3.2 3.3 -- -- -- -- 

Au 197 22.9 13.5 -0.6 23.0 23.3 -- -- -- -- 

Tl 205 61.0 4.2 0.1 61.0 63.4 -- -- -- -- 

Pb 206 423.5 5.8 -0.6 426.0 422.8 413.0 413.3 417.0 430.0 

Bi 209 362.4 7.3 -20.9 458.0 371.6 -- -- -- -- 

Th 232 467.4 2.4 2.2 457.2 466.0 451.0 450.6 445.8 472.0 

U 238 458.9 5.8 -0.6 461.5 460.1 457.0 457.1 451.8 464.0 
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Table 3.5: Analyses of BHVO-2 and comparison to published values, the relative 

error (%) were calculated relative to Jochum et al. [52]. Concentrations are in ppm, 

DL=detection limit. 

Element Isotope 
This 
study 

RSD 
(%) 

Relative 
error (%) 

Jochum 
et al. 
[52] 

Gagnon 
et al. 
[55] 

Gao et 
al. [58] 

USGS 
[60] 

Li 7 4.79 4.45 -0.19 4.80 4.80 5.00 5.00 

Be 9 1.00 14.08 -0.34 1.00 -- 1.40 -- 

B 11 6.84 5.96 -- -- -- -- -- 

Na 23 16703 7.42 -- -- 13900 17672 16500 

Mg 25 47808 1.26 -- -- 48100 42682 43600 

Al 27 71474 0.83 -- -- 74300 -- -- 

Si 29 233456 4.98 -- -- 231000 -- -- 

P 31 1539 10.10 28.22 1200 980 -- -- 

K 39 4065 5.65 -5.47 4300 4430 -- -- 

Ca 43 81700 0 -- -- 71700 -- -- 

Sc 45 31.59 1.02 -1.28 32.00 32.00 31.00 32.00 

Ti 47 16311 1.46 0.07 16300 16600 15621 16400 

V 51 328.06 2.25 3.49 317.00 307.00 329.00 317.00 

Cr 52 280.88 5.05 0.32 280.00 292.00 285.00 280.00 

Mn 55 1187.69 2.32 -7.93 1290.00 1340.00 1345.00 1290.00 

Fe 57 72070 1.47 -16.49 86300 89700 -- -- 

Co 59 45.13 5.00 0.30 45.00 47.00 47.00 45.00 

Ni 60 122.83 5.05 3.22 119.00 113.00 112.00 119.00 

Cu 65 119.02 4.56 0.01 127.00 121.00 142.00 127.00 

Zn 66 124.43 4.18 20.81 103.00 96.00 107.00 103.00 

Ga 69 22.50 5.91 2.29 22.00 23.00 21.00 21.70 

Ge 72 2.40 11.33 50.30 1.60 -- -- -- 

As 75 < DL -- -- -- -- -- -- 

Rb 85 9.08 6.54 -0.33 9.11 8.74 10.10 9.80 

Sr 86 394.65 2.97 -0.34 396.00 410.00 382.00 389.00 

Y 89 21.51 1.14 -17.25 26.00 22.00 23.00 26.00 

Zr 90 151.43 1.11 -11.96 172.00 156.00 160.00 172.00 

Nb 93 18.22 4.12 0.66 18.10 16.40 16.40 18.00 

Mo 95 4.21 5.07 5.33 4.00 4.00 -- -- 

Rh 103 < DL -- -- 0.0007 -- -- -- 

Pd 105 < DL -- -- 0.0029 -- -- -- 

Ag 107 0.42 7.70 -- -- -- -- -- 

Cd 110 < DL -- -- 0.06 -- -- -- 

In 115 0.13 14.60 -- -- -- -- -- 

Sn 118 1.80 5.74 5.80 1.70 1.80 2.60 1.90 

Sb 121 0.16 12.55 26.82 0.13 0.12 0.21 -- 

Cs 133 0.10 13.63 0.07 0.10 -- 0.11 -- 

Ba 137 130.73 4.01 -0.21 131.00 137.00 128.00 130.00 

La 139 14.79 1.93 -2.69 15.20 15.40 15.60 15.00 

Ce 140 38.15 2.33 1.72 37.50 37.00 37.00 38.00 

Pr 141 5.19 1.38 -2.92 5.35 4.90 5.00 -- 

Nd 146 24.28 2.07 -0.88 24.50 24.20 24.00 25.00 

Sm 147 6.02 2.62 -0.83 6.07 5.93 5.80 6.20 
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Eu 153 2.05 1.95 -1.01 2.07 2.13 2.00 -- 

Gd 155 5.64 2.29 -9.60 6.24 5.62 5.90 6.30 

Tb 159 0.81 1.56 -11.95 0.92 0.82 0.86 0.90 

Dy 163 4.85 2.64 -8.63 5.31 4.59 4.90 -- 

Ho 165 0.87 2.94 -11.25 0.98 0.86 0.91 1.04 

Er 166 2.27 2.69 -10.66 2.54 2.12 2.30 -- 

Tm 169 0.30 4.47 -8.98 0.33 0.29 0.30 -- 

Yb 172 1.93 4.52 -3.52 2.00 1.80 2.00 2.00 

Lu 175 0.25 5.81 -8.39 0.27 025 0.26 0.28 

Hf 178 3.83 1.68 -12.27 4.36 3.98 4.10 4.10 

Ta 181 1.14 3.53 0.20 1.14 1.06 0.94 1.40 

W 182 0.24 9.23 15.52 0.21 0.21 -- -- 

Re 185 < DL -- -- 0.0005 -- -- -- 

Pt 195 0.08 25.15 -- -- -- -- -- 

Au 197 0.42 8.66 -- -- -- -- -- 

Tl 205 0.02 22.02 -- -- -- -- -- 

Pb 206 1.84 2.35 14.76 1.60 1.70 1.40 -- 

Bi 209 < DL -- -- -- -- -- -- 

Th 232 1.16 1.58 -5.29 1.22 1.16 1.18 1.20 

U 238 0.44 3.09 9.96 0.40 0.393 0.44 -- 
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Table 3.6: Analyses of BIR-1 and comparison to published values, the relative error (%) were 

calculated relative to Jochum et al. [52]. Concentrations are in ppm, DL=detection limit. 

Element Isotope 
This 
study 

RSD(%) 
Relative 
error (%) 

Jochum 
et al. 
[52] 

Gagnon et 
al. 

[55] 

Gao et 
al. [58] 

USGS 
[60] 

Eggins 
et al. 
[61] 

Dulski 
[59] 

Li 7 3.12 7.09 -2.59 3.20 3.50 3.60 3.60 -- -- 

Be 9 <DL -- -- 0.12 <DL 0.69 0.58 0.12 -- 

B 11 <DL -- -- 0.33 12.60 -- -- -- -- 

Na 23 13479 4.69 -0.15 13500 13369 14132 13500 -- -- 

Mg 25 66276 1.48 14.27 58000 57464 58471 58500 -- -- 

Al 27 81952 1.22 -0.06 82000 81817 -- -- -- -- 

Si 29 225138 2.71 0.42 224200 237429 -- -- -- -- 

P 31 91.89 8.22 -0.12 92.00 85.20 -- -- -- -- 

K 39 164.94 5.41 -28.29 230.00 211.00 -- -- -- -- 

Ca 43 95100 0.00 0.00 95100 73960 -- -- -- -- 

Sc 45 41.63 1.20 -3.18 43.00 43.90 41.00 44.00 43.80 -- 

Ti 47 6482.34 1.52 15.76 5600.00 6090.00 5532.0 5800.00 6036.00 -- 

V 51 332.27 1.85 4.16 319.00 331.80 338.00 310.00 322.00 -- 

Cr 52 390.57 3.75 -0.11 391.00 329.40 403.00 370.00 412.00 -- 

Mn 55 1202.92 1.81 -11.55 1360.00 1336.70 1417.0 1355.00 -- -- 

Fe 57 78286.16 3.75 -0.90 79000. 79628.00 -- -- -- -- 

Co 59 51.81 4.93 -0.37 52.00 50.80 57.00 52.00 53.00 -- 

Ni 60 166.42 4.59 0.25 166.00 164.50 190.00 170.00 175.00 -- 

Cu 65 109.63 2.95 -7.87 119.00 137.40 132.00 125.00 113.00 -- 

Zn 66 72.03 6.65 0.04 72.00 91.30 86.00 70.00 65.00 -- 

Ga 69 15.01 2.41 -1.92 15.30 16.40 17.00 -- 15.20 -- 

Ge 72 1.69 16.19 20.60 1.40 2.4-3.3 -- -- -- -- 

As 75 <DL -- -- 0.44 2.31 -- -- -- -- 

Rb 85 0.20 9.23 -0.31 0.20 <DL 0.26 -- 0.20 0.36 

Sr 86 107.26 1.86 -1.60 109.00 116.90 104.00 110.00 106.40 110.00 

Y 89 11.90 2.15 -23.72 15.60 14.10 13.30 16.00 16.20 14.90 

Zr 90 11.96 4.18 -14.56 14.00 14.90 12.90 18.00 14.47 15.40 

Nb 93 0.5396 2.3787 -1.88 0.5500 0.5300 0.4800 0.6000 0.5580 -- 

Mo 95 < DL -- -- 0.0700 <DL -- -- 0.0370 -- 

Rh 103 < DL -- -- 0.0003 0.03-0.04 -- -- -- -- 

Pd 105 < DL -- -- 0.0061 <DL -- -- -- -- 

Ag 107 0.2515 25.5843 -- -- 0.38-0.5 -- -- -- -- 

Cd 110 <DL -- -- 0.0970 0.36-0.1 -- -- 0.0500 -- 

In 115 0.0560 7.2668 1.76 0.0550 0.06-08 -- -- -- -- 

Sn 118 0.6344 7.7063 5.73 0.6000 1.19-1.63 0.8400 -- 0.8800 -- 

Sb 121 0.5013 8.1135 8.98 0.4600 0.5100 0.4700 0.5800 0.5000 -- 

Cs 133 < DL -- -- 0.0070 <DL 0.0069 -- 0.0053 0.0060 

Ba 136 6.6499 1.4095 -6.86 7.1400 7.5000 6.3000 7.0000 6.5200 6.4000 

La 139 0.5435 1.3128 -11.63 0.6150 0.6700 0.6000 0.6300 0.6040 0.6200 

Ce 140 1.9117 2.3363 -0.43 1.9200 2.1000 1.9000 1.9000 1.8970 1.8900 

Pr 141 0.3528 2.9737 -4.64 0.3700 0.4100 0.3600 -- 0.3780 0.3900 

Nd 146 2.2766 2.4853 -4.35 2.3800 2.6000 2.3000 2.5000 2.3800 2.3500 

Sm 147 1.0554 2.4737 -5.77 1.1200 1.2000 1.1000 1.1000 1.1170 1.0800 
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Eu 153 0.5068 4.8870 -4.38 0.5300 0.5900 0.5100 0.5500 0.5240 0.5300 

Gd 155 1.5523 3.6176 -16.99 1.8700 1.8000 1.6000 1.8000 1.8500 1.9100 

Tb 159 0.2901 2.1599 -19.43 0.3600 0.3500 0.3200 -- 0.3790 0.3600 

Dy 163 2.1615 1.7083 -13.88 2.5100 2.5000 2.3000 4.0000 2.5300 2.5500 

Ho 165 0.4695 1.8813 -16.15 0.5600 0.5300 0.5100 -- 0.5850 0.5600 

Er 166 1.4102 3.6255 -15.05 1.6600 1.6000 1.5000 -- 1.7340 1.7100 

Tm 169 0.2105 6.4111 -15.80 0.2500 0.2400 0.2200 -- -- 0.2500 

Yb 172 1.4589 3.9388 -11.58 1.6500 1.7000 1.5000 1.7000 1.6490 1.6400 

Lu 175 0.2107 3.2614 -15.71 0.2500 0.2300 0.2300 0.2600 0.2470 0.2500 

Hf 178 0.4485 5.8299 -22.94 0.5820 0.6000 0.5300 0.6000 0.5620 0.6000 

Ta 181 0.0351 5.2845 -1.74 0.0357 0.04-0.06 0.0320 -- 0.0410 -- 

W 182 < DL -- -- 0.0700 <DL-.08 -- -- -- -- 

Re 185 < DL -- -- 0.0006 <DL-06 -- -- -- -- 

Pt 195 0.5642 13.0204 -- -- 0.72-1.01 -- -- -- -- 

Au 197 0.0828 37.2942 -- -- 0.09-0.12 -- -- -- -- 

Tl 205 < DL -- -- 0.0050 <DL -- -- 0.0040 -- 

Pb 206 3.2359 11.8873 4.38 3.1000 4.2000 3.6000 3.0000 2.9700 3.0000 

Bi 209 < DL -- -- 0.0040 <DL-0.03 -- -- -- -- 

Th 232 0.0287 9.7085 -10.29 0.0320 <DL 0.0280 -- 0.0302 0.0280 

U 238 0.0133 13.7133 32.74 0.0100 <DL 0.0320 -- 0.0100 0.0090 
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Table 3.7 : Analyses of BCR-2G and comparison to published values, the relative error (%) were 

calculated relative to Jochum et al. [52]. Concentrations are in ppm, DL=detection limit. 

Element Isotope 
This 
study 

RSD 
(%) 

Relative 
error 
(%) 

Jochum 
et al.  
[52] 

Gagnon et 
al. 

[55] 

Gao et 
al. [58] 

Dulski 
[59] 

USGS 
[60] 

Jacob 
[57] 

Li 7 8.77 5.63 -2.52 9.00 9.4-11.8 9.90 -- 9.00 10.80 

Be 9 2.27 5.12 -1.31 2.30 2.3--2.7 2.00 -- -- 1.90 

B 11 8.10 13.30 35.01 6.00 15.4-19.1 -- -- -- 6.39 

Na 23 23379 11.58 -- -- 22268 23630 -- 23400 23290 

Mg 25 22604 0.96 -- -- 20511 20980 -- 21650 22490 

Al 27 71373 1.58 -- -- 73191 -- -- -- -- 

Si 29 250265 4.17 -- -- 262519 -- -- -- -- 

P 31 1590 1.53 6.01 1500 1482 -- -- -- -- 

K 39 12868 5.36 -13.64 14900 15665 -- -- -- -- 

Ca 43 50900 0.00 -- -- 42700 -- -- -- -- 

Sc 45 33.06 1.82 0.18 33.00 33.00 32.00 -- 33.00 32.97 

Ti 47 14033 2 -0.48 14100 14633 13005 -- 13500 13728 

V 51 424.13 3.66 -0.20 425.00 441.10 425.00 -- 416.00 447.00 

Cr 52 16.94 11.42 -0.36 17.00 16.50 17.00 -- 18.00 18.40 

Mn 55 1342 2.72 -13.44 1550 1500 1463 -- 1520 1620 

Fe 57 96612 2.29 0.01 96600 97152 -- -- -- -- 

Co 59 37.59 7.75 -1.07 38.00 36.00 38.00 -- 37.00 38.92 

Ni 60 11.86 11.96 -8.80 13.00 <DL 12.70 -- -- 13.40 

Cu 65 18.73 4.43 -10.82 21.00 <DL 18.00 -- 19.00 22.00 

Zn 66 140.26 4.33 12.21 125.00 143.20 153.00 -- 127.00 169.00 

Ga 69 26.93 3.64 17.08 23.00 30.00 24.00 -- 23.00 -- 

Ge 72 1.91 6.21 27.08 1.50 2.9-3.5 -- -- -- -- 

As 75 <DL -- -- -- <DL--2.4 -- -- -- -- 

Rb 85 47.28 8.00 0.59 47.00 50.30 51.00 46.90 48.00 47.80 

Sr 86 341.34 3.54 -0.19 342.00 350.00 321.00 342.00 346.00 324.00 

Y 89 31.34 2.53 -10.45 35.00 33.00 31.00 34.20 37.00 30.40 

Zr 90 175.08 2.09 -4.85 184.00 186.10 167.00 194.00 188.00 161.00 

Nb 93 12.63 3.32 1.05 12.50 10.1-12.6 10.90 -- -- 12.40 

Mo 95 268.75 6.64 -0.46 270.00 264.00 -- -- 248.00 257.00 

Rh 103 <DL -- -- -- <DL -- -- -- -- 

Pd 105 <DL -- -- -- <DL -- -- -- -- 

Ag 107 0.65 15.44 -- -- 0.59-0.7 -- -- -- -- 

Cd 110 0.24 12.35 18.47 0.20 <DL -- -- -- 0.51 

In 115 0.11 12.75 -1.47 0.11 0.13-0.16 -- -- -- 0.12 

Sn 118 2.31 8.51 -11.15 2.60 2.55-2.99 2.40 -- -- 2.29 

Sb 121 0.35 5.34 -0.41 0.35 0.31-0.37 0.51 -- -- 0.38 

Cs 133 1.14 8.54 -2.03 1.16 1.08 1.17 1.12 1.10 1.11 

Ba 136 684.63 2.43 0.24 683.00 694.20 641.00 673.00 683.00 663.00 

La 139 24.58 3.51 -0.48 24.70 27.40 25.00 24.80 25.00 24.10 

Ce 140 53.09 3.87 -0.40 53.30 53.50 52.00 52.50 53.00 52.20 

Pr 141 6.66 1.53 -0.59 6.70 6.70 6.30 6.94 6.80 6.42 

Nd 146 28.66 2.57 -0.84 28.90 30.00 27.00 28.20 28.00 27.50 

Sm 147 6.33 4.37 0.62 6.29 7.10 6.30 6.39 6.70 6.21 

Eu 153 1.95 2.55 -0.87 1.97 2.00 1.91 1.98 2.00 1.88 
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Gd 155 6.54 2.50 -2.49 6.71 6.40 6.50 6.76 6.80 6.03 

Tb 159 0.92 1.69 -9.43 1.02 1.10 0.95 1.05 1.07 0.91 

Dy 163 6.17 1.51 -4.15 6.44 6.30 6.00 6.32  5.92 

Ho 165 1.20 2.46 -5.64 1.27 1.24 1.20 1.30 1.33 1.14 

Er 166 3.40 2.08 -8.11 3.70 3.40 3.30 3.64  3.19 

Tm 169 0.49 2.45 -3.28 0.51 0.44 0.46 0.52 0.54 0.46 

Yb 172 3.29 2.13 -2.86 3.39 3.60 3.20 3.52 3.50 3.25 

Lu 175 0.46 2.26 -8.59 0.50 0.47 0.47 0.51 0.51 0.46 

Hf 178 4.41 1.21 -8.92 4.84 4.90 4.50 5.18 4.80 4.24 

Ta 181 0.78 2.60 0.31 0.78 0.63--0.88 0.63 -- -- 0.75 

W 182 0.51 6.98 2.04 0.50 0.72-0.92 -- -- -- 0.57 

Re 185 <DL -- -- 0.01 <DL -- -- -- -- 

Pt 195 0.33 27.70 -57.87 0.78 0.31-0.38 -- -- -- -- 

Au 197 0.02 22.50 -- -- <DL-0.03 -- -- -- -- 

Tl 205 0.27 11.92 -10.94 0.30 0.25-0.31 -- -- -- -- 

Pb 206 11.15 4.57 1.32 11.00 11.80 10.90 10.00 11.00 11.70 

Bi 209 0.05 20.95 -0.62 0.05 0.1-0.11 -- -- -- 0.05 

Th 232 5.86 1.57 -0.69 5.90 6.20 5.50 5.99 6.20 5.55 

U 238 1.68 6.32 -0.37 1.69 1.60 1.70 1.66 1.69 1.77 

 
 
 
 

Table 3.8: 206Pb /238U ratios of NIST and USGS reference materials  

Sample 
Measured  

Pb 
Measured 

U 
Measured 

206Pb/238U 
SD 

RSD 
% 

Reference 
[52] 

206Pb/238U 

% 
Deviation 
from Ref. 

[52] 

NIST 610 423.53 462.69 0.232 0.012 5.2 0.234 -0.77 

NIST 612 38.56 37.48 0.2606 0.008 3.0 0.2614 -0.30 

NIST 614 2.35 0.83 0.712 0.029 3.2 0.717 -0.57 

BHVO-2 1.84 0.44 1.050 0.031 2.9 1.013 3.64 

BCR-2G 11.15 1.69 1.673 0.079 4.7 1.649 1.66 

BIR-1G 3.02 0.01 76.43 1.76 2.3 78.53 -2.68 

 
 

 
 
 
 
 
 
 
 
 
 
 
 



 83 

 
 

 
 
 
 
 
 
 
 
 
 

CCD 

Camera 

Femtosecond 

laser 

785 nm 

Autocorrelator 

M1 M2 

M3 

LEGEND 

M1, M2, and M3: High reflecting mirrors coated 

for 785 nm 

PM: power meter 

CCS: Computer Controlled Stage 

AN: Analyzer 
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COL: Camera Ocular Lens 
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Figure 3.1: Experimental setup for laser beam bath and optics. A fs 

laser beam is steered onto the sample by dichroic mirrors M2, M3, 

and M4. The laser energy is measured by the power meter PM and 

the pulse width can be measured by the autocorrelator after being 

reflected when the mirror M1 is introduced into its path. 

M4 
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a :NIST 610                             b: NIST 612                            c: NIST 614    

 

 

Figure 3.2: CCD camera images of NIR fs laser ablation of NIST 610, 612, and 

614. It is clear from the image that fs laser ablate materials with different 

transparency equally well. 
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(a) Line scan                                                       (b) Magnified image of (a) 

       

(c) Magnified image of (b)                               (d) fluffy particles 

       

(e) A portion of NIR-fs laser-produced crater    (f) Two similar laser-produced craters 

Figure 3.3: SEM image of NIR femtosecond laser ablation of NIST 610: (a) a 
line scan at speed of 5µm s-1, energy =0.12 mJ, repetition rate = 10 Hz. (b) a 
magnified image of (a), (c) magnified image of (b), (d) cotton-like 
agglomerated particles, (e) a portion of a crater produced by 10 pulses of NIR-
fs laser, (f) Two similar laser-produced holes. 
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Figure 3.4: Abundance-normalized element sensitivity (cps /ppm) for elements 

obtained from fs-LA-ICP-MS of NIST 610, 612, 614, BCR-2G, BIR-1, and BHVO-

2 under the tuning conditions in tables 1 and 2. The samples are moved at a 

speed of 5µm per second 
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Figure 3.5: Elemental fractionation factors obtained from fs laser ablation drilling 

of NIST 610 at different ablation times in comparison to Fryer et al. 1995 [53], 

values obtained by ns laser ablation over 4 min time interval. Elements which 

tend to have higher fractionation factors (>1.5) in ns laser ablation, have 

fractionation indices very close to unity in fs laser ablation. 
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Figure 3.6: Comparison of chondrite- normalized concentrations of BCR-2G for 

Jochum et al. reference values and this study. 
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CHAPTER 4 

Improving the Analytical Capabilities of Femtosecond Laser Ablation 

Multicollector ICP-Ms for High Precision Isotopic Analysis: The Role of 

Hydrogen and Nitrogen 
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4.1 INTRODUCTION 

Over the last decades much work has been done to improve the analytical 

capabilities of ICP-MS since its first commercial introduction in 1983.  Mixed-gas 

Inductively Coupled Plasma (ICP) has been extensively investigated to overcome 

analytical limitations of the Ar plasma [1-11]. Different gases such as helium [1], 

oxygen [12], nitrogen [1, 2, 4, 13, 14], hydrogen [1, 6], methane [5, 7] and other gases [10, 

15, 16] that have been mixed with Ar showed different effects on enhancement and 

suppression of analyte sensitivity as well as oxide formation and matrix effects. 

Sesi et al. [1] studied the effect of adding helium, nitrogen, and hydrogen to the 

central and intermediate gas flow channels of an Ar-ICP. The effect of these 

gases on calcium ion emission and the fundamental plasma parameters (i.e. 

electron number density, electron temperature and gas kinetic temperature) has 

been shown to depend on the type and the amount of gas added to the plasma 

and whether the gas is introduced into the central or intermediate gas flow 

channel. Xiao et al. [13] investigated the effect of nitrogen addition (2-10%) to the 

outer gas flow of Ar ICP-MS on sensitivities, detection limits, mass discrimination 

and matrix effects for multi-element standard solutions containing different 

concentrations of Na. Improvement in sensitivities and detection limits were 

observed for some elements when nitrogen was added to the outer gas flow 

compared to pure Ar. Also mass discrimination and matrix effects were reduced 

with nitrogen addition. Beauchemin et al. [17] investigated addition of nitrogen (up 

to 10%) to Ar ICP-MS operating at constant flow and uptake rates and different 

power (from 1 to 1.4 kW).  Although their results showed reduced sensitivities by 
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a factor of up to 5, the plasma stability and detection limits of Se and Fe were 

improved by a factor of 4. Other studies [18-23] have indicated reduction of 

molecular interferences ArCl and ArAr, ArO, ArOH, ClO and oxides by 

introducing a small amount of nitrogen into the central gas flow or the coolant gas 

flow.  

As for solution ICP-MS, the addition of other gases to the Ar plasma in 

Laser ablation (LA)-ICP-MS has been studied by different authors [24-29]. Durrant 

[24] reported increased sensitivities of Ce and Th and reduced oxide to metal 

ratios (CeO/Ce and ThO/Th) upon the addition of 1% v/v or 12 % v/v of nitrogen 

to the coolant gas and cell flow, respectively. Crowe et al. [25] showed that adding 

2 % v/v of nitrogen gas to the nebulizer gas flow before the sample cell resulted 

in a significant increase of sensitivity (by a factor of up to 2–3 times) and reduced 

mass bias in determination of Pb isotope ratios by quadrupole LA-ICP-MS. Iizuka 

et al. [26] reported that using a new design of sample cell and nitrogen mixing (at 

a rate of 4 ml/min) with the carrier gas has improved sensitivities of Hf, Lu and Yb 

by a factor of 2-3 as well as precision and accuracy of Hf isotope microanalysis in 

zircon by LA-Multicollector (MC)-ICP-MS.  Recently Guillong et al. [28] studied the 

effect of mixing gases such as nitrogen, methane and hydrogen with He prior to 

the ablation cell using a 193 nm excimer LA-ICP-MS system. They reported an 

increase in sensitivity for the 47 investigated elements by a factor of 2-4 upon 

addition of 4-9 ml/min of hydrogen to the He carrier gas flow. In the same study, 

a weak sensitivity enhancement was reported for a few heavy elements like gold 

and uranium while other elements were not affected by nitrogen addition. In 
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another study, Hu et al. [29] reported an increase in the sensitivities for most of the 

65 investigated elements upon the addition of 5-10 ml/min of nitrogen to the 

central channel gas (Ar + He) for a 193 nm excimer LA-ICP-MS system. They 

also reported a significant reduction in the oxide ratio ThO/Th and hydride ratio 

ArH/Ar with the nitrogen- Ar mixed plasma. 

The introduction of multiple collectors to ICP-MS has produced a 

technique competitive to thermal ionization mass spectrometry (TIMS) which has 

been considered as the reference technique for high precision isotope ratio 

measurements [30-31]. Simultaneous detection of ions by Faraday detectors 

eliminates the effects of ion beam instabilities and allows accurate and high 

precision isotope ratio measurements.  With the application of laser ablation to 

MC-ICP-MS, information at high spatial resolution can be obtained. However 

precise and accurate isotope ratio measurements by LA-MC-ICP-MS are 

affected by fractionation and mass bias effects. Many processes involved in LA-

ICP-MS (particle formation, particle transport, atomization and ionization in the 

ICP) can contribute to elemental and isotopic fractionation. The proper choice of 

laser parameters (wavelength, pulse width, fluence) and ICP-MS operating 

conditions (RF power, gas flow, sampling depth) helps to minimize the extent of 

fractionation and mass bias. Recently, the use of femtosecond laser pulses has 

been reported to improve the analytical capabilities of LA-ICP-MS through 

reduction of fractionation and matrix effects [32-35]. Mass bias is an important 

factor affecting precision and accuracy of isotope ratio determinations by LA-MC-

ICP-MS and must be minimized and/or robustly corrected for to obtain the most 
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precise and accurate isotope ratio analyses [30, 31, 36]. It is a significant feature of 

plasma source mass spectrometry and is related to preferential extraction and 

transmission of the heavier ions within the ICP-MS. Mass bias decreases with 

increasing atomic mass and its magnitude in ICP-MS is approximately an order 

of magnitude higher than that observed in TIMS [30, 36, 37]. Mass bias is generated 

within the plasma, in the interface region between the skimmer and the sampler 

cones, and in the ion extraction optics. The dominant source of mass bias is 

related to space charge effects which cause more repulsion and deflection of 

lighter ions compared to heavier ones [30, 31, 36, 38]. As a result, the measured 

isotope ratio of lighter to heavier isotopes is smaller than the true value. A 

number of different approaches have been used to correct for mass bias [31, 36-39]: 

i) Internal normalization: this method can be applied only to elements which have 

two or more stable (non-radiogenic) isotopes such as Sr, Nd, and Hf where the 

constant isotopic ratios of the two stable isotopes can be used to calculate the 

mass bias from the measured value. ii) External normalization: by using external 

standards to correct for mass bias assuming the mass bias for the external 

standard is identical to that of the sample. iii) Standard-sample standard 

bracketing: by alternate analysis of standards and samples assuming the mass 

bias is constant during the analysis period. 

Few studies have been done to understand the effects of instrument 

operating conditions on mass bias [38, 40, 41]. Andrén et al. [40] concluded from 

isotope ratios determined for analytes deposited on the sampler and skimmer 

cones and on extraction lenses that ion extraction from the plasma and 
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processes in the interface region alter isotopic composition and contribute to 

mass bias. They also reported that any factor affecting the ion distribution (i.e. 

instrumental parameters and operating conditions) in the plasma will affect the 

mass bias. Fontaine et al. [41] reported the presence of systematic variation in 

mass bias in MC-ICP-MS with changes of the operating conditions (carrier gas 

flow rate, sampling depth, and extraction lens voltage), sample introduction and 

matrix effects. 

The aim of this work is to investigate whether the effect of hydrogen and 

nitrogen additions on sensitivities of a number of elements across the entire 

mass range is the same for femtosecond laser ablation as it is with nanosecond 

lasers and to investigate the effect of nitrogen addition on sensitivity 

enhancement and mass bias corrections for fs-LA-MC-ICP-MS using Pb isotope 

ratio measurements as an example. 

 

4.2 EXPERIMENTAL SET UP 

4.2.1 LA-ICP-MS 

Experiments were carried out using a Quantronix Integra C® femtosecond 

laser ablation system located at Great Lakes Institute for Environmental 

Research (GLIER), University of Windsor, Canada. It is a regenerative and multi-

pass Ti:sapphire laser ablation system based on the Chirped Pulse Amplification 

(CPA) technique. The maximum energy that can be obtained from this laser 

system is 2 mJ (at 1KHz) in the near infrared (NIR, λ=795 nm). Ar was used as a 

carrier gas and mixed with nitrogen or hydrogen before the ablation cell using a 
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T-shaped connector (Figure 4.1). The ablated material was detected using 

ThermoElectron X7-II® ICP-MS. The instrument was optimized using pure Ar and 

NIST 610 for maximum sensitivity and low oxide formation (ThO/Th <0.5 %).  

After each gas addition, the instrument was re-optimized for maximum sensitivity. 

All data were acquired on NIST 610 and NIST 612 SRMs in line scan ablation 

mode at a speed of 5µm per second with sample surface at the focus of the laser 

beam. The measurements were carried out using time resolved analysis in fast 

peak jumping mode. Each line scan analysis consists of 60 seconds gas 

background collection followed by another 60 seconds ablation for signal 

collection. Each analyte signal was corrected for background by subtracting the 

background signal from the corresponding gross signal (signal obtained after 

firing the laser). The ablation cell was flushed for 2 minutes (no ablation) between 

analyses to reduce memory effects and allow the instrument to stabilize after 

each gas addition. A summary of the laser system and ICP-MS specifications 

and operating conditions is shown in Table 4.1.  

 

4.2.2 LA-MC-ICP-MS 

Lead isotope measurements of NIST 610 and NIST 612 were carried out 

by fs-LA-MC-ICP-MS using the previously described femtosecond laser ablation 

system coupled with a FinniganTM Neptune MC-ICP-MS. The FinniganTM 

Neptune is a double-focusing high resolution MC-ICP-MS with a movable 

multicollector array consisting of nine faraday detectors and five ion counters. A 

Thallium solution of 100 ppb concentration in 3 % HNO3 was introduced (to 
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correct for mass bias) before the ablation cell at a flow rate of 100 µl/min using 

the Apex® system. The Apex® is an inlet system that can be connected directly to 

the torch injector and allows for self-aspiration at rates from 20µl/min to 

1000µl/min. The Apex® also allows the addition of other gases such as nitrogen 

(in this study, nitrogen was added to Ar gas before the ablation cell). The laser 

energy used to ablate NIST 610 was 0.3 mJ but was increased to 0.8 mJ for 

NIST 612 (Pb concentration in NIST 612 is about 10 times lower than its 

concentration in NIST 610) to increase the amount of ablated material and 

consequently the signal intensity. The repetition rate of fs laser pulses was kept 

at 100 Hz and data were acquired in line scan ablation mode with the laser focus 

at the sample surface. Data was acquired for 300 seconds; the first 100 seconds 

for background collection (no laser ablation) and the remaining 200 seconds for 

signal collection. After each ablation, the cell was flushed for five minutes to 

minimize memory effects. Isotopes 202Hg, 203Tl, 204Hg, 204Pb, 205Tl, 206Pb, 207Pb 

and 208Pb were measured using the Faraday detector configuration shown in 

Table 4. 2.  

 

4.2.2.1 DATA REDUCTION 

The raw mass spectrometric intensity data were processed offline using a 

spreadsheet application by subtracting the average background (average of 

background integrations obtained during the first 100 seconds while the laser 

was off) from the signal integrations of each isotope. The first few cycles (in the 

background and signal obtained after laser ablation commenced) were rejected 
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for more stable signals. The interference of 204Hg on 204Pb was corrected by 

subtracting the 204Hg intensity (calculated from the measured background-

corrected 202Hg intensity, by assuming 204Hg/202Hg =0.2299) from the 

background-corrected 204Pb intensity. Isotope ratios (205Tl/203Tl, 206Pb/204Pb, 

207Pb/204Pb, 208Pb/204Pb, 208Pb/206Pb and 207Pb/206Pb) were calculated from 

background- and interference-corrected isotopic data. 

Pb isotopic determinations are not straightforward due to the fact that Pb 

has only one stable (non-radiogenic) isotope, 204Pb, which prevents the 

application of an internal normalization approach to correct for mass bias. 

However, as suggested by Longerich et al.[42], Tl can be used as a surrogate to 

correct for mass bias provided that Tl mass bias can be related to Pb. In our 

calculations we used the power law [31]: 
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Where TrueR and MeasR are the true and measured Pb isotope ratios, respectively; 

)( ji MMm  is the mass difference between masses iM  and jM of Pb. TrueTlR ,  

and .,MeasTlR  are the true and measured Tl isotope ratios, respectively; and 

2M  is the mass difference of Tl isotopes (i.e. 205Tl - 203Tl). 
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4.3 RESULTS AND DISCUSSIONS 

4.3.1 HYDROGEN ADDITION (FS-LA-ICP-MS) 

The addition of hydrogen to the Ar carrier gas before the ablation cell 

increased the intensity of most investigated elements by a factor of 1.5-2.5. The 

degree of intensity enhancement is higher for elements with high first ionization 

potentials such as Be, P, S, As, Se and Au (factor of 3-5). Figure 4.2 shows the 

background-corrected intensity normalized to pure Ar for selected elements as a 

function of hydrogen flow rates. The oxide ratios marginally decreased with 

hydrogen addition from 0.1 % and 0.35 % (pure Ar) to 0.09 % and 0.25 % (6 

ml/min H2) for UO/U and ThO/Th, respectively. The slight decrease in the oxide 

ratios may be an indication of increased plasma gas temperature. Hydrogen has 

higher thermal conductivity than argon and the plasma gas temperature has 

been reported to increase by 2000 K when hydrogen was added to the central 

gas flow [1]. The introduction of hydrogen into the central gas flow increased 

hydride ratios from 0.001 % and 0.002 % (pure Ar) to 0.002 % and 0.005% (6 

ml/min H2) for UH/U and ThH/Th, respectively.  Figure 4.3 shows the background 

signal intensities acquired for pure Ar and 6 ml/min hydrogen in fs-LA-ICP-MS of 

NIST 612. Higher backgrounds are observed for masses with polyatomic species 

of hydrogen. The addition of hydrogen also leads to an increase of doubly 

charged ions from 0.44 to 0.79 % and from 0.93 to 1.36 % for ++U/U and 

++Ce/Ce, respectively.  
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4.3.2 Nitrogen addition 

Figure 4.4 shows the effect of nitrogen flow rates on signal intensity 

normalized to pure Ar of selected elements across the entire mass spectrum. 

The addition of nitrogen before the ablation cell enhanced the sensitivities of 

most investigated elements by a factor of 2-3. The enhanced sensitivity could be 

related to the increased thermal conductivity since nitrogen has a thermal 

conductivity higher than that of Ar by a factor of 32 at 7000 K[24]. Backgrounds 

were found to increase with nitrogen addition only for some lighter isotopes such 

as 29Si, 31P, 39K, 55Mn and 66Zn (Figure 4.5). The oxide ratios decreased with 

nitrogen addition from 0.28 % and 0.46 % (pure Ar) to 0.19 % and 0.26 % (5 

ml/min N2) for UO/U and ThO/Th, respectively. An increase of doubly charged 

ions from 0.01 to 0.02 % and from 0.01 to 0.04 % for ++U/U and ++Ce/Ce, 

respectively, is also observed with nitrogen addition.  

Sensitivity enhancement can be beneficial for some applications that 

require analysis of limited amounts of materials or analysis of materials with low 

elemental concentrations. The addition of nitrogen or hydrogen can benefit 

isotope ratio determinations using LA-MC-ICP-MS where high spatial resolution 

sampling and large ion beams are required for high precision isotopic analysis. 

The next section investigates the role of nitrogen addition as an effective means 

for improving sensitivity and reducing mass bias in Pb isotope measurements 

using fs-LA-MC-ICP-MS. 
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4.3.3 Pb ISOTOPE MEASUREMENTS 

4.3.3.1 EFFECT of NITROGEN ON Pb and Tl SENSITIVITIES IN LA-MC-ICP-

MS 

The addition of nitrogen to Ar before the ablation cell enhanced the signal 

intensity of Tl by a factor of 4 and Pb by a factor of 3 (at nitrogen flow rate of 5 

ml/min) in fs-LA-MC-ICP-MS of NIST 610 (Figure 4.6 a-b) which is similar to the 

results with the quadrupole mass spectrometer. This intensity enhancement is 

important for isotopic analysis using Faraday detectors where large ion beams 

are necessary for high precision analysis. During the Pb isotopic analyses, the Tl 

solution was continuously aspirated and desolvated into the laser ablation cell 

where it mixed with the laser ablated material. The behavior of Tl from the 

desolvated liquid might be different from that of Tl in the dry ablated material as a 

result of different transport efficiencies or changed plasma conditions. This is 

clear from figure 4.7 where the intensity variation of the Tl isotopes and the 

205Tl/203Tl ratio at constant nitrogen flow rate (8ml/min) during data acquisition of 

300 seconds on NIST 612 are shown. The intensity drop for the Tl isotopes when 

the laser was fired may be related to changes in the plasma conditions as a 

result of ablated material being introduced into the ICP. A reduction in the plasma 

temperature as a result of plasma loading may be the reason for the observed 

drop in intensity. However the 205Tl/203Tl ratio was not affected by the signal 

intensity changes or the source of Tl (simple desolvated liquid or a mixture with 

ablated NIST glass) and was stable during the whole data acquisition time. 
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4.3.3.2 EFFECT OF NITROGEN ON MASS BIAS 

Figure 4.8 shows the calculated mass bias of 205Tl/203Tl and 208Pb/206Pb as 

a function of nitrogen flow rate during fs-LA-MC-ICP-MS of NIST 610. The 

addition of nitrogen decreased the mass bias coefficient (α) from -0.76% and -

0.75% for 208Pb/206Pb and 205Tl/203Tl to -0.67% and -0.65, respectively (reduction 

of about 13 % at 5ml/min nitrogen). The negative sign indicates that the 

measured isotope ratios are higher than the true values due to the loss of light 

isotopes. The power law was used to calculate mass bias coefficients using the 

values of 208Pb/206Pb =2.168 and 205Tl/203Tl =2.3889 as obtained from references 

[43] and [44], respectively.   It is clear from Figure 4.8 that the mass bias 

coefficient αPb of 208Pb/206Pb is not identical to αTl of 205Tl/203Tl and in contrast to 

the common mass bias-mass relationship where heavier elements have lower 

mass bias than lighter elements, inspection of figure 4.8 shows the reverse (Tl, a 

lighter element has lower mass bias than Pb, a heavier element) but there is 

consistency in the mass bias behavior of both isotopes as a function of nitrogen 

flow rate. We do not know the reason for this discrepancy but it could be related 

to incorrect isotope ratios of 205Tl/203Tl and 208Pb/206Pb that have been used for 

normalization or some other effects. In LA-ICP-MS analyses, nitrogen from air 

will always be entrained in variable amounts into the system through tubing and 

connections, from the ablation cell and in the ICP. Under these ―standard‖ 

conditions, the mass bias is not stable as can be seen from figure 4.8 at ―zero‖ 

nitrogen flow rate. The addition of more nitrogen helps to improve and stabilize 

mass bias for both Tl and Pb (Figure 4.8, plateau region). Figure 4.9 shows the 
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relationship between 205Tl/203Tl and 208Pb/206Pb mass bias factors calculated from 

power law at constant nitrogen flow rates (8 ml/min), for 6 replicate 

measurements of NIST 610, where a strong linear correlation (R2=0.9998) 

between both factors is clear. The ratio of mass bias factors αPb/αTl was found to 

equal 1.0214 for 208Pb/206Pb in this study. This ratio is higher than that of White et 

al. [45] who reported a mass bias ratio αPb/αTl of 0.9746 for NBS981in solution 

using the exponential law. The difference in mass bias coefficients between Pb 

and Tl was interpreted as the reason why Tl  was unable to provide accurate 

normalization of most SRM981 solutions and about 30% of silicate samples 

measured by Isoprope MC-ICP-MS [44]. In this study, as well, the use of Tl as a 

surrogate for Pb mass bias would not give accurate determinations of Pb isotope 

ratios if mass bias differences between Pb and Tl were not taken into account. In 

our calculations of isotope ratios we corrected for this difference by determining 

the ratio of mass bias factor of 208Pb/204Pb, 207Pb/204Pb, 206Pb/204Pb, 207Pb/206Pb 

and 208Pb/206Pb to that of 205Tl/203Tl (i.e. TlPb  03.1  for 208Pb/206Pb) for each 

measurement and then applied the power law to get the corrected isotope ratios 

instead of renormalizing to a different Tl isotopic composition (i.e. adjustment of 

205Tl/203Tl to provide the closest values of Pb isotope ratio to the reference 

values) as done in other studies [46--48]. In this way we obtained accurate isotope 

ratios as listed in Table 4.3. Figure 4.10 shows the effect of mass bias correction 

(using different 205Tl/203Tl ratios) on 208Pb/206Pb ratio of NIST 610 as measured by 

fs-LA-ICP-MS. Tl normalization has greatly corrected the measured isotope ratio 

compared to the raw ratios. 
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In this study we also applied the standard-sample-standard bracketing 

technique as another method to correct for mass bias. NIST 612 was used as a 

bracketing standard for Pb isotope ratio determinations in NIST 610. Alternate 

measurements of NIST 612 and NIST 610 were carried out using high laser 

energy on NIST 612 (0.8 mJ) and low laser energy on NIST 610 (0.3 mJ) to get 

more similar ion intensities for both matrices when switching between NIST 610 

and NIST 612. The isotope ratio was calculated according to the following 

equation [31] 
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Where TrueR and MeasR represent the true and measured isotope ratios of the 

sample, respectively; StdR  is the true isotope ratio of the bracketing standard; and 

1

Stdr and 2

Stdr are the isotope ratios of the bracketing standard measured before 

and after the sample. 

Table 4.3 lists the measured Pb isotope ratios after being corrected for 

mass bias using both Tl normalization and standard-sample-standard bracketing 

together with published values. For Tl normalization, the Pb isotope ratios from 

each analytical event (single analysis of 300 seconds) were reported as the 

average of 185 integrations with the error reported as 1 standard deviation. The 

gross means of 6 measurements with 1 standard deviation are: 

206Pb/204Pb=17.0472 ± 0.0045, 207Pb/204Pb =15.5087 ± 0.0048, 208Pb/204Pb 

=36.9715 ± 0.0137, 208Pb/206Pb = 2.1685 ± 0.0003 and 207Pb/206Pb =0.9097 ± 

0.0001. These values are in good agreement with published data. For standard-
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sample-standard bracketing, twelve raw isotope ratios (after being corrected for 

background and 204Hg interferences on 204Pb) of alternate NIST 610 and NIST 

610 were used to get five values of each isotope ratio in NIST 610 with means: 

206Pb/204Pb=17.0608 ± 0.0132, 207Pb/204Pb =15.5219 ± 0.0124, 208Pb/204Pb 

=37.0076 ± 0.0300, 208Pb/206Pb = 2.1692 ± 0.0002 and 207Pb/206Pb =0.9098 ± 

0.0001. 

 

4.4 DISCUSSION 

The idea of using mixed gas plasma is not new. It was originally used with 

ICP-MS and ICP-AES to improve their sensitivities, stabilities and analytical 

capabilities. However, there are contradictions in published data regarding 

enhancement or depression of sensitivities under different gas mixture 

conditions. For example, in some studies [11, 24, 25, 26, 29] whether based on 

solution- or LA-ICP-MS, addition of nitrogen to Ar gas was found to enhance 

sensitivity whereas in some other studies [17, 20, 28] a depression or little 

enhancement in sensitivity was reported. This wide variation in published data 

can be attributed to differences in instrumentation, experimental conditions and 

different ways of optimization among different laboratories. In this study, the 

addition of hydrogen and nitrogen to Ar carrier gas has improved elemental 

sensitivities, likely due to the higher thermal conductivities of these gases which 

results in higher plasma temperature and increased excitation and ionization 

efficiency of many elements. Nitrogen and hydrogen were added before the 

ablation cell. Therefore, the observed sensitivity enhancement could also be 
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related to processes occurring not only in the ion source (ICP) but also in the 

ablation cell and transport system. For example the ablation process could be 

affected by the added gases and consequently lead to changes in the amount of 

ablated material and particle size distribution. This would affect the transport 

efficiency and the degree of ionization inside the ICP with a subsequent 

enhancement or suppression of signal intensity. It should also be mentioned that 

consistent optimization of the large number of potential focusing parameters in 

ICP-MS after each gas addition is difficult. Thus accounting for the effect of all 

parameters to study the effect of gas addition is not possible.  

Accurate and precise isotopic measurements are hindered by many 

obstacles in LA-ICP-MS such as elemental and isotopic fractionation, mass bias, 

abundance sensitivity, matrix effects and interferences. Careful optimization of 

experimental conditions can reduce these problems. The use of femtosecond 

laser pulses for ablation has been reported to minimize fractionation and matrix 

effects. Introduction of multicollectors with double focusing high resolution sector 

field analyzers has minimized ion beam instabilities, improved abundance 

sensitivity and eliminated some interferences when used at high resolution. Use 

of mixed gas plasmas is another way to reduce these effects. Addition of nitrogen 

to the Ar carrier gas, as indicated in this study, has reduced mass bias by about 

13 %, robustly stabilized the mass bias ratios of Tl/Pb and increased sensitivity of 

Tl and Pb by a factor of 3-4. There do not appear to be any negative effects for 

Pb isotope analyses by introducing nitrogen to the plasma.  
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For other isotope systems, the increase in sensitivity achieved with 

addition of hydrogen or nitrogen will generally enhance precision of the 

measured isotope ratios. However the production of hydride ions in the ICP will 

introduce new interferences that may degrade precision and accuracy. For 

example in LA-MC-ICP-MS analyses of Sr isotopes, the presence of significant 

quantities of KrH+, RbH+ and SrH+ in the analyzed ion beam will require 

significant inter element and inter isotope corrections that will be difficult to 

quantify with potential serious degradation in the ability to measure both Sr mass 

bias (from 86Sr/88Sr) and the isotope ratio (87Sr/86Sr) which varies naturally by 

radioactive decay of 87Rb. The increase of doubly charged ions with the hotter 

plasmas produced with hydrogen or nitrogen addition, e.g. of rare earth elements 

(REE), can be a problem in the determination of the isotopic composition of 

elements of interest such as Sr (interferences from 172Yb+2 on 86Sr+1; 176Yb+2, 

176Lu+2 and 176Hf+2 on 88Sr+1) and Rb (interferences from 170Er+2, 170Yb+2 on 

85Rb+1; 174Yb+2 and 174Hf+2 on 87Rb+1). Therefore it may become important to 

make a compromise between the benefits of enhanced sensitivity and the 

drawbacks of increased doubly charged ions and other interferences induced by 

addition of different gases to the plasma. 

 

4.5 CONCLUSIONS 

It has been shown in this study that addition of nitrogen and hydrogen to 

Ar carrier gas has improved signal intensity of most investigated elements in fs-

LA-ICP-MS. At the same time there was an increase of polyatomic species of 
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nitrogen and hydrogen. The observed decrease in the oxide ratios and increase 

of doubly charged ions can be related to the increase of the plasma temperature 

as a result of high thermal conductivities of these gases. Careful optimization of 

instrumental parameters after gas addition is important since adding a gas will 

alter the plasma conditions, therefore it is important to make sure that the 

changes in sensitivities are caused only by gas addition and not by changes of 

optimum conditions.  

We have also shown that adding nitrogen to Ar carrier gas before the 

ablation cell in fs-LA-MC-ICP-MS has improved the intensity of Tl and Pb by a 

factor of 3-4. This enhancement of sensitivity is important for isotopic analysis 

using Faraday detectors where large ion beams are necessary for precise and 

accurate isotopic analysis. Femtosecond laser systems with controllable energy 

and repetition rates (up to few kHz) can also be a tool for achieving the high 

count rates. The mass bias was reduced by about 13 % when nitrogen was 

added to Ar carrier gas. This reduction can be related to improvement of ion 

transmission as a result of more robust plasma in the presence of nitrogen. It has 

been also shown that Tl and Pb do not have identical mass bias and the mass 

bias difference should be taken into account for accurate and precise isotope 

ratios determination based on Tl normalization.   
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Table 4.1: LA –ICP-MS, MC-ICP-MS  specifications and operating conditions 

Laser ablation system 

Manufacture: 

Model: 

Type: 

Wavelength: 

Repetition rate: 

 

Pulse energy: 

Pulse width: 

Fluence: 

Crater size: 

Objective lens: 

ICP-MS  

Manufacture: 

Model: 

Detector type: 

Dynamic range:   

Sensitivity (sol.): 

Cone type:  

Resolution: 

RF power: 

Plasma gas: 

Auxiliary gas: 

Nebulizer gas: 

MC-ICP-MS 

Manufacture: 

Model: 

Coolant gas  

Sample gas 

Auxiliary gas  

Rf power 

Integration time 

Tl flow rate 

 

Quantronix 

Integra C
®
   

Ti:sapphire based on the Chirped Pulse Amplification (CPA) technique 

Fundamental: 785 nm 

Up to 1kHz, experiment: 20 Hz for quadruple ICP-MS and 100 Hz for 

MC-ICP-MS 

Maximum: 2mJ/pulse, experiment: 0.2, 0.3, 0.8 mJ 

<130 fs 

12.3 Jcm
-2 

for quadruple ICP-MS and 7.4 Jcm
-2

 for MC-ICP-MS 

47µm for quadruple ICP-MS and 67µm for MC-ICP-MS 

10X  

 

ThermoElectron
®

 

X7-II
® 

ETP® dual mode (pulse and analogue counting) 

 ~1.3 x 10
9
 ICPS 

~350× 10
6
 ICPS/ppm 

High Performance Interface (HPI) 

Standard (125), High (160) 

1400 W 

13 L min
-1

 

0.98 L min
-1

 

0.88-1.02 L min
-1

 

 

ThermoElectron
®

 

Finnigan
TM

 Neptune 

15 l/min 

0.91 l/min 

0.7 l/min 

1200 W 

1.049 sec 

100 µl/min 

 

 

Table 4.2: Faraday cup configurations used for Pb ratios measurements 

Collector L3 L2 L1 Center H1 H2 H3 

MassIsotope 202 

Hg 

203 

Tl 

204 

Pb 

Hg 

205 

Tl 

206 

Pb 

207 

Pb 

208 

Pb 
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Table 4.3: Measured Pb isotope ratios of NIST 610 using Tl normalization and standard-sample-standard 
bracketing 

 
206

Pb/
204

Pb 
207

Pb/
204

Pb 
208

Pb/
204

Pb 208
Pb/

206
Pb 

207
Pb/

206
Pb 

Tl normalization (this study) 

#1 

#2 

#3 

#4 

#5 

#6 

Average  ±  SD 

 

17.0547 ±  0.0673 

17.0480 ±  0.0321 

17.0466 ±  0.0348 

17.0465 ±  0.0354 

17.0469 ±  0.0298 

17.0405 ±  0.0318 

17.0472 ±  0.0045 

 

15.5173 ±  0.0645 

15.5097 ±  0.0287 

15.5076 ±  0.0312 

15.5073 ±  0.0315 

15.5075 ±  0.0267 

15.5026 ±  0.0281 

15.5087 ±  0.0048 

 

36.9968 ±  0.1705 

36.9724 ±  0.0694 

36.9691 ±  0.0754 

36.9681 ±  0.0774 

36.9678 ±  0.0644 

36.9551 ±  0.0674 

36.9715 ±  0.0137 

 

2.1691  ±  0.0045 

2.1684  ±  0.0015 

2.1684  ±  0.0014 

2.1684  ±  0.0014 

2.1683  ±  0.0011 

2.1684  ±  0.0011 

2.1685  ±  0.0003 

 

0.9099  ±  0.0017 

0.9098  ±  0.0004 

0.9097  ±  0.0005 

0.9097  ±  0.0004 

0.9097  ±  0.0004 

0.9097  ±  0.0004 

0.9097  ±  0.0001 

Standard-sample bracketing 

(this study) 

#1 

#2 

#3 

#4 

#5 

Average  ±  SD 

 

 

17.0468 

17.0756 

17.0607 

17.0487 

17.0722 

17.0608 ±  0.0132 

 

 

15.5073 

15.5352 

15.5218 

15.5122 

15.5333 

15.5219 ±  0.0124 

 

 

36.9706 

37.0416 

37.0094 

36.9851 

37.0315 

37.0076 ± 0.0300 

 

 

2.1688 

2.1693 

2.1693 

2.1694 

2.1691 

2.1692 ±  0.0002 

 

 

0.9097 

0.9097 

0.9098 

0.9098 

0.9098 

0.9098 ±  0.0001 

Reference Values [43] 

(used in this study) 

17.0450 ± 0.0080 15.5040 ± 0.0090 36.9640 ± 0.0220 2.1680 ± 0.0010 0.90960 ± 0.0003 

Walder et al. [49] 

Woodhead et al. [50] 

Baker et al. [51] 

Platzner Et al. [52] 

Belshaw et al. [53] 

Machado et al. [54] 

 

17.0510 ± 0.0160 

17.0470 ± 0.0018 

17.0520 ± 0.0020 

17.0510 ± 0.0090 

17.0490 ± 0.0120 

17.0640 ± 0.0070 

15.5090 ± 0.0180 

15.5090 ± 0.0001 

15.5150 ± 0.0020 

15.5070 ± 0.0080 

15.5060 

15.5250 

36.9480 ± 0.0380 

36.9750 ± 0.0026 

36.9910 ± 0.0050 

36.9650 ± 0.0160 

36.9790 

37.0460 

2.1670 ± 0.0018 

2.1699 ± 0.0003 

2.1694 ± 0.0001 

2.1677 ± 0.0006 

2.1690 ± 0.0010 

2.1710 ± 0.0010 

 

0.9096 ± 0.0008 

0.9101 ± 0.0001  

0.9099 ± 0.0005 

0.9095 ± 0.0002 

0.9095 ± 0.0006 

0.9098 ± 0.0002 

 

For Tl normalization, data are reported for 6 measurements as the mean ± 1 standard deviation (SD). This data 

represents the mean of 200 integrations (1 second each integration) after background correction. For standard-

sample-standard bracketing, NIST 612 was used as a bracketing standard for NIST612. All isotope ratio 

measurements were carried out by adding 8ml/min N2 to Ar before the ablation cell. 
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ICP-MS 

Ablation cell 

Ar gas 
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Laser Central gas 
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Figure 4.1: A schematic set-up of LA-ICP-MS for the addition of 

small amounts N2 or H2. MFC: mass flow controller. 
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Figure 4.2: the effect of hydrogen flow rates on signal enhancement factor 

relative to pure Ar in fs-LA-ICP-MS of NIST 612. 

 

 

 

Figure 4.3: background intensities (cps) obtained at 0 and 6 ml/min hydrogen 

added to Ar carrier gas before the ablation cell in fs-LA-ICP-MS of NIST 612. * 

238U at 0 ml/min H2 and 9Be at 5 ml/min H2 have standard deviations greater than 

the average values. 

* * 
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Figure 4.4: the effect of nitrogen flow rate on the signal enhancement factor 

relative to pure Ar in fs-LA-ICP-MS of NIST 612. 

 

 

 

Figure 4.5: background intensity in the absence and presence of 5ml/min 

nitrogen obtained in fs-LA-ICP-MS of NIST 612. *140Ce, 208Pb and 238U at 0 

ml/min N2 have standard deviations greater than the average values. 

* 
* 

* 
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Figure 4.6a: effect of nitrogen flow rate on signal intensity of 205Tl in fs-LA-MC-

ICP-MS.  
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Figure 4.6b: Effect of nitrogen flow rate on signal intensity of Pb isotopes in fs-

LA-MC-ICP-MS.  
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Figure 4.7: intensity variation of Tl isotopes and 205Tl/203Tl during data acquisition 

of 300 seconds on NIST 612. The first 100 seconds represents Tl solution (no 

laser ablation) while the last 200 seconds represents Tl solution and laser 

ablation. 
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Figure 4.8: Mass bias of 205Tl/203Tl and 208Pb/206Pb as a function of nitrogen flow 

rate in fs-LA-MC-ICP-MS of NIST 610. The nitrogen and Tl were added before 

the ablation cell.  
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Figure 4.9: the relationship between 205Tl/203Tl and 208Pb/206Pb mass bias factors 

calculated from power law at constant nitrogen flow rates (8 ml/min), for 6 

replicate measurements of NIST 610, a strong linear correlation (R2=0.9998) 

exist between both factors.  Values of 205Tl/203Tl =2.3889 and 208Pb/206Pb=2.168 

were obtained from references [44] and [43], respectively. 
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Figure 4.10: effect of mass bias correction using different 205Tl/203Tl ratios on 

208Pb/206Pb ratio of NIST 610 as measured by fs-LA-ICP-MS. 208Pb/206Pb 

published value was obtained from reference [43]. 
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CHAPTER 5 

ELEMENTAL ANALYSIS OF SEDIMENT REFERENCE MATERIALS: A 

COMPARISON BETWEEN   FEMTOSECOND LASER ABLATION- AND 

SOLUTION- INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY 
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5.1 INTRODUCTION 

Solution-based (SO) Inductively coupled plasma mass spectrometry (ICP-

MS) has gained wide acceptance in elemental and isotopic analysis of a wide 

range of matrices [1-8]. Capability of multi-element analysis, wide linear dynamic 

range, high sensitivity, low detection limits, and the ease of coupling with different 

sample introduction systems are advantages of this technique. Tedious sample 

preparations (especially those of refractory matrices such as sediments and 

soils) and the risk of contamination are often disadvantages [3, 7, 9]. Sediments are 

complex structures composed of mineral constituents, organic matter, living 

organisms, air and water. They can be a source or a sink of contaminants in 

aquatic systems. Therefore, identification of sediment chemical compositions is 

important to understand the behavior of contaminants in aquatic systems and 

can also give valuable information about environmental changes. Sample 

preparation for sediment analysis by SO-ICP-MS is a critical step for accurate 

analysis because of the complex and often refractory nature of sediments. 

Various digestion techniques such as open-vessel, closed-vessel digestions 

using mixed acid attacks and fusion procedures have been used for sediment 

digestion [10]. Wet digestion procedures without using hydrofluoric acid (HF) are 

incomplete and are only useful for the determination of the acid-extractable 

fraction of an element and do not adequately represent its total abundance in the 

sediment [11-12]. 

The coupling of direct solid sample introduction techniques such as laser 

ablation (LA) with ICP-MS has minimized the problems of sample preparation 



 125 

and increased sample throughput [5, 13-19]. LA-ICP-MS has been applied for bulk 

elemental and isotopic analyses of soils and sediments prepared in different 

forms such as pressed pellets or fused disks [20-30]. Most studies by LA-ICP-MS 

have been based on nanosecond laser (ns) systems (Nd:YAG and excimer 

lasers) [31-35]. Excimer lasers working at deep ultraviolet (DUV) have been 

reported to give controlled ablation in terms of crater geometry, particle size 

distributions and chemistry of the laser-produced aerosols. While Nd:YAG laser 

systems are less expensive and easier to maintain, the thermal characteristics of 

these systems can lead to elemental and isotopic fractionation, matrix effects, 

and less-representative sampling. Recently, femtosecond (fs) laser pulses have 

been suggested for chemical analysis by LA-ICP-MS to eliminate the problems 

associated with nanosecond laser systems [36-44]. Femtosecond laser pulses 

minimize the thermal effects generated during laser-solid interactions and 

consequently have minimized fractionation and matrix effects. Compared to ns-

LA-ICP-MS, fs-LA-ICP-MS has narrower particle size distributions, better 

transport efficiencies, and better vaporization, atomization and ionization of laser-

produced aerosols in the ICP [36-44]. Because elemental analysis by SO-ICP-MS 

and LA-ICP-MS, like many other analytical techniques, necessitate comparisons 

to reference materials of known chemical compositions, it is important to have 

well-identified reference materials, which are not readily available for sediments.  

In this work we report the chemical composition of seven sediment 

reference materials (Lake sediments: LKSD-1, LKSD-2, LKSD-3, Stream 

sediments: STSD-2, STSD-3, and Marine sediments: PACS-2, MESS-3) after 
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digestion in a mixture of hydrofluoric and nitric acids and analysis by SO-ICP-MS. 

We also investigated the analytical capabilities of femtosecond (fs)- LA-ICP-MS 

of sediments prepared in the form of solid disks using Spurr low viscosity epoxy 

resin. The goal was to validate the capability of LA-ICP-MS for the analysis of 

natural sediment cores extracted from a lake or a river and prepared in a similar 

way (as the sediment reference materials) for high spatial resolution analysis. 

 

5.2 EXPERIMENTAL 

5.2.1 SAMPLE DIGESTION FOR SO-ICP-MS ANALYSIS 

Seven sediment reference materials (Lake sediments: LKSD-1, LKSD-2, 

LKSD-3, Stream sediments: STSD-2, STSD-3, and Marine sediments: PACS-2, 

MESS-3) were prepared for solution analysis by ICP-MS. These reference 

materials (provided in a powder form) represent typical lake, stream and marine 

sediments from various locations within the Canadian Shield and were collected 

by the Geological Survey of Canada. The samples were prepared, blended and 

bottled at Canada Centre for Mineral and Energy Technology (CANMET). 

Hydrofluoric acid is the only acid that will dissolve silica-based materials by 

forming volatile SiF6 
[7], therefore it was used in our sediment digestion method 

together with concentrated nitric acid.  About 100 mg of the sample (used as 

supplied) was accurately weighted into a clean screw top Savillex PFA bottle (30 

ml) and mixed with  1 ml distilled hydrofluoric acid and 2 ml concentrated nitric 

acid. Each bottle was tightly sealed and heated to a temperature of 100 °C using 

a hotplate for two days. The cover of each bottle was removed and the solutions 
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were dried at a temperature of 70 °C for about 12 hours to ensure complete 

evaporation of the acids. This process was repeated two times until clear 

solutions were obtained. Free HF acid even at low concentrations must be 

removed prior to analysis as it attacks glassware used in ICP-MS nebulizers, 

spray chambers and injectors [7]. Residual hydrofluoric acid was removed from 

solution by twice re-evaporating the digested samples following addition of nitric 

acid. We preferred evaporation to addition of Boric acid (H3BO3) for HF removal 

because the later increases total dissolved solids in solution that leads to matrix 

effects and deteriorated analytical capabilities of the ICP-MS. The internal 

standard elements Be, In and Tl at concentrations of 10, 1 and 2 ppm, 

respectively, were added to samples after being filtered and diluted by 1% HNO3 

to correct for matrix effects, drift and variable sensitivity. 

 

5.2.2 SAMPLE PREPARATION FOR LASER ABLATION 

A simple and fast method was used to prepare sediment reference 

materials for LA-ICP-MS. About 2 grams of each sediment reference material 

were moistened with acetone and shaken for a few minutes to allow stacking of 

sediment particles and reducing interstitial air. The sediment was then 

impregnated with a freshly prepared Spurr low-viscosity epoxy resin [45] and left 

at room temperature for eight hours to give a chance for the resin to infiltrate the 

sample. This embedding medium was reported to have good penetration 

qualities and has previously been successfully used for preparation of sediments 

[45-48]. The components of the resin and their mixing ratios that provide useful 
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properties with a variety of hardness characteristics are shown in Table 5.1. In 

this work we used the standard medium resin for sediment preparation but we 

reduced the cure temperature to 60 °C and increased the cure time to 16 hours 

since a higher temperature was found to increase gas generation in the sediment 

during curing. Sediment disks were prepared for analysis by fs-LA-ICP-MS by 

polishing and cleaning the surface. 

 

5.2.3 SO-ICP-MS 

All measurements (laser ablation or solution) were carried out using the 

ThermoElectron X7-II® ICP-MS (Table 5.2) at the Great Lakes Institute for 

Environmental Research, University of Windsor, Canada. Solutions were 

aspirated into Conical nebulizer and cyclonic spray chamber by a peristaltic 

pump at a rate of 2 ml/min. The instrument was tuned for maximum sensitivity 

and minimum oxide ratio (254UO/238U=2-3%). Reference solutions were prepared 

from custom-made multielement standards (Inorganic Ventures, Inc. and in-

house). Nominal concentration of 5 ppb standard solutions were prepared and 

used for quantification of 44 elements in sediment reference materials. 

 

5.2.4 LA-ICP-MS 

The laser ablation system consists of a Quantronix Integra C® fs laser 

operating at its fundamental wavelength of 785 nm and a pulse width less than 

130 fs. The description of the laser system can be found in Shaheen et al. [43].  

The effect of heterogeneity of sediment reference materials was reduced by 
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using large laser spot sizes (~110 µm) and scan ablation mode (5µm/s). With this 

sampling strategy, larger volumes of sample were ablated leading to improved 

precisions and detection limits. The ICP-MS was optimized for maximum 

sensitivity and minimum oxide formation (ThO/Th <0.1 %) using NIST 612 as a 

standard.  LKSD-3 sediment reference material (prepared in a form of a solid 

disk) was used as an external standard for quantification of elements in other 

sediment reference materials (LKSD-1, LK-SD-2, STSD-2 and STSD-3) which 

have been treated as unknowns. Silicon, based on literature values, was used as 

an internal standard to correct for matrix effects and amount of material ablated.  

All samples were polished and then cleaned by sonication for 15 minutes in 

MilliQ® water. Immediately before analysis, the surface of each sample was 

cleaned with ultrapure ethanol. Five scan ablations were carried out on each 

unknown to calculate precisions with each ablation consisting of one minute for 

gas blank signal collection (i.e. the laser is off)  followed by two minutes of 

analyte signal collection. LA-ICP-MS data manipulation was performed off-line 

using commercial spreadsheet software and in-house written software based on 

Longerich et al. [49]. The operating conditions of the laser system are shown in 

Table 5.3. 

 

5.3 RESULTS AND DISCUSSION 

Figure 5.1 shows disks prepared from a sediment reference material 

(LKSD-3) and a blank resin using Spurr low viscosity epoxy resin. The blank 

resin was prepared by mixing the components of the embedding media (Table 
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5.1) to obtain a standard medium resin which was cured at a temperature of 60 

°C.  Due to the presence of interstitial air between sediment particles, bubbles 

can form during the curing process as can be seen for LKSD-3 from Figure 5.1, 

however there are still large areas on the pellet surface available for ablation. 

Interstitial air can be reduced by pressing the sediment powder before 

impregnation with the resin with a subsequent improvement in the disk quality. 

Figure 5.2 shows scanning electron micrographs (SEM) of ablation tracks in: a) 

blank resin and b) LKSD-3 impregnated with Spurr low viscosity epoxy resin. 

Sediment grains are seen to have sizes up to ~ 100µm in this material therefore 

utilization of a large laser spot size and scanning the laser beam over the sample 

surface are important to reduce the effect of sample heterogeneity on ablation 

behavior and results.  

An important issue that must be taken into account when using an epoxy 

resin as an embedding medium for sediment preparation is contamination that 

can be introduced to the sediment from the resin. The major components of the 

blank resin (as we measured by Energy Dispersive X-ray flourescence) are C, O 

and Cl with concentrations of 78.84 wt %, 19.94 wt % and wt 1.22 %, 

respectively. Figures 5.3 and 5.4 show signal intensities of representative 

elements obtained from fs-LA-ICP-MS of a blank resin and sediment reference 

material LKSD-3, respectively. For most elements, there are insignificant 

changes in intensities upon ablation of the blank resin. This indicates that the 

chemical contribution of the resin to sediment metal concentrations is extremely 

small and can be neglected for these elements. Some masses (such as 52Cr, 
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63Cu, 66Zn and 93Nb) have shown an increase in signal intensity upon ablation of 

the blank resin. Such increase in intensity can be related to interferences on 52Cr 

from 40Ar12C; on 63Cu from 40Ar23Na; on 66Zn from 14N40Ar12C , and on 93Nb from 

40Ar40Ar13C. Reduction of these interferences was made by selecting masses that 

show minimum interferences and by subtraction of the blank signal (i.e. the 

signal obtained from laser ablation of blank resin) from sediment signals. 

 

5.3.1 QUANTIFICATION OF SEDIMENT REFERENCE MATERIALS 

Tables 5.4-5.8 list the concentrations of 44 elements in sediment 

reference materials (LKSD-1, LKSD-2, LKSd-3, STSD-2, STSD-3, PACS-2 and 

MESS-3) as determined by SO-ICP-MS and fs-LA-ICP-MS. The concentrations 

reported are the average of four (SO-ICP-MS) and five (fs-LA-ICP-MS) replicate 

analyses. The precisions of the measurements are reported as % RSD (Relative 

Standard Deviation). For comparison, the compiled published values (obtained 

from GeoReM, Max-Planck-Institute database for reference materials of 

geological and environmental interest) [50] are also listed.  

Table 5.4 lists concentration values of 44 elements in lake (LKSD-3) and 

marine (PACS-2 and MESS-3) sediments as determined by SO-ICP-MS. For 

more than 30 elements the precisions are better than 2 % for all matrices. The 

concentrations of LKSD-3 lie within 15 % of the published values for all elements 

except for Ni, Zn, Ge, Cd and Sb. The good precision of the measured 

concentrations of elements in LKSD-3 and the generally good agreement with 

the published values indicate that the choice of LKSD-3 as an external standard 
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for LA-ICP-MS was appropriate since any error in the quantification of 

concentrations in LKSD-3 would affect accuracy of quantification of other 

samples. High deviation (>30 %) from published values is observed for some 

elements in MESS-3. Figure 5.5 shows chondrite-normalized REE 

concentrations of published and measured values. In general, there is good 

agreement between all values although occasionally the LA-ICP-MS values are 

slightly and systematically different (higher or lower) suggesting that sample 

heterogeneity is an issue. 

The concentrations of 43 elements in lake sediment (LKSD-1) are shown 

in Table 5.5. The RSDs for most elements determined by SO-ICP-MS and fs-LA-

ICP-MS are better than 5% and 10%, respectively. For some elements, 

elemental concentrations measured by fs-LA-ICP-MS deviate by more than 30% 

from those measured by SO-ICP-MS. This deviation can be seen from the 

chondrite-normalized concentrations in Figure 5.5. The poor agreement between 

solution ICP-MS, fs-LA-ICP-MS and the published values is likely related to 

heterogeneity problems.  Table 5.6 lists the measured element concentrations in 

LKSD-2 reference material. Concentration values obtained from fs-LA-ICP-MS lie 

within ± 6 % of those obtained from solution ICP-MS for most elements. The 

measured concentrations by both methods agree with or lie within the GeoReM 

published values. The agreement between the measured and published values 

can be clearly seen from chondrite-normalized concentrations shown in Figure 

5.5. The RSDs for solution ICP-MS are better than 2% for most elements 

indicating a good homogeneity of LKSD-2. For fs-LA-ICP-MS, the precision is not 
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as good as that of solution ICP-MS but still better than 15% for most elements. 

The lower precision observed in LA-ICP-MS is related to counting statistics and 

the noisy signal of laser ablation which could be the results of many factors 

including sample heterogeneity, sample surface morphology and grain size. 

Elemental concentrations in stream sediment reference materials (STST-2 

and STSD-3) are shown in tables 5.7 and 5.8, respectively. For solution ICP-MS, 

precisions are better than 2% for most elements in both matrices with the 

exception of Cd which has a slightly lower precision (6.5 % in STSD-2 and 3.2% 

in STSD-3). In case of fs-LA-ICP-MS, the precisions are better than 12% and 15 

% for most elements in STSD-2 and STSD-3, respectively.  Concentration values 

obtained by fs-LA-ICP-MS agree (within ± 10% (STSD-2) and ± 15% (STSD-3)) 

with those obtained by solution ICP-MS. Compared to published values, the ICP-

MS measured concentrations are lower but still lie within ± 20%  of the published 

values for most elements in both matrices. This can be shown in figure 5.5 where 

chondrite-normalized concentrations of measured and published values are 

plotted.  

Zinc showed lower concentration in all sediment reference materials 

compared to published values. Some other elements such as Cr, Ni and Cd 

show higher concentrations than published values for all sediment reference 

materials whether measured by solution ICP-MS or fs-LA-ICP-MS. A reason for 

this could be contamination or memory effects or inadequate information on the 

reference materials. All sediment reference materials appear to have good 

homogeneity for solution analysis since precisions better than 2 % were obtained 
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for most elements when measured by SO-ICP-MS. Only LKSD-1 shows slightly 

high RSD (5%) in case of SO-ICP-MS but better precision than all other sediment 

reference materials when measured by fs-LA-ICP-MS. S. Revillon et al. [10] 

reported a similar behavior (high RSD) on Japanese lake sediment (JLK-1) and 

attributed the reason to the high organic content of JLK-1 (the organic content of 

LKSD-1 is 12.3% ( GeoReM))[50]. 

 

5.3.2 APPLICATION TO HIGH SPATIAL RESOLUTION ANALYSIS OF LAKE 

SEDIMENTS 

A unique advantage of LA-ICP-MS is the ability of high spatial resolution 

chemical analysis. Such ability can be used to extract important information 

about environmental change from sediment cores if the cores were extracted and 

prepared carefully to preserve spatial integrity of the sediment. As an example of 

the applicability of the method described in this paper to high spatial resolution 

analysis, we prepared a sediment core (extracted from Lake Erie, Ontario, 

Canada) for LA-ICP-MS following a method modified from Jilbert et al. [48]. A 

plastic U-channel was carefully used to extract sediment from the plastic sleeve 

with minimal disturbance. The sediment containing U-channel was left to dry and 

then impregnated with low viscosity epoxy resin for a day and then cured at 60 

0C for another day. Segments of the sediment were prepared for LA-ICP-MS by 

cutting the prepared portion into slices of suitable sizes to fit the ablation cell and 

cleaned immediately before ablation by wiping the surface with ethanol. 
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Figure 5.6-a shows a SEM image of two ablation tracks produced by fs-

LA-ICP-MS on a sediment section prepared from the sediment core. Figure 5.6-b 

shows the agreement between signal intensities of 27Al obtained from two 

ablation line scans of a sediment core section. Good reproducibility exists 

between the two ablations. Each data point is the average of 50 mass scans 

which is equivalent to the average over 1 mm on the spatial scale. Figure 5.7 

shows the distribution of Cr and Ba along sediment core as measured by fs-LA-

ICP-MS. The deeper sediment has much less Cr than the more recent one, 

which indicates the variation of Cr input with time (related to recent industrial 

activity in the vicinity of this site). Barium concentration is almost constant along 

the core reflect constant geological sources. By knowing the sediment 

accumulation rate, it would be possible to link the variation in elemental 

concentrations to particular events happening at specific times.  

 

5.4 CONCLUSIONS 

Sample preparation is a critical step in analysis of complex matrices such 

as sediments and soils by either SO-ICP-MS or LA-ICP-MS. Complete sample 

digestion of such matrices is difficult and requires special precautions to avoid 

contamination or loss of volatile elements during sample preparation. In this work 

we determined the chemical compositions of seven sediment reference materials 

(Lake sediments: LKSD-1, LKSD-2, LKSD-3, Stream sediments: STSD-2, STSD-

3, and Marine sediments: PACS-2, MESS-3) using both SO-ICP-MS and fs-LA-

ICP-MS. Elemental concentrations of sediment reference materials determined 
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by fs-LA-ICP-MS lie within 15 % of those determined by solution ICP-MS for 

most investigated elements. Precisions obtained by fs-LA-ICP-MS (better than 20 

%) are not as good as those obtained by solution ICP-MS (better than 2 %) but 

can be considered acceptable for matrices that have complex and 

heterogeneous compositions such as sediments. LKSD-1 has slightly higher 

RSD values (but still better than 5 %) compared to other sediment reference 

material and this could be related to heterogeneity, high organic content or 

incomplete digestion of this reference material. The good agreement between fs-

LA-ICP-MS and solution ICP-MS indicates that the method used for sample 

preparation for LA-ICP-MS (i.e. impregnation with Spurr low viscosity epoxy 

resin) can be successfully applied to natural sediment cores.  This method of 

sample preparation can maintain sediment spatial integrity which is essential for 

extracting useful information about environmental changes over short periods of 

time. 

High spatial resolution analysis is an important advantage of LA-ICP-MS. 

With this technique, it is possible to investigate the chemical composition of 

samples at resolution down to few tens of micrometers. For sediments, as an 

example, chemical behaviour across different layers of sediment can be studied 

allowing investigation of chemical changes related to issues such as redox 

reactions and changing sediment sources. 
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Table 5.1: Spurr low-viscosity epoxy resin [Polysciences©, (1992)] 

 
                       Standard         

medium 
Suggested Modifications of the Medium 

Ingredient 

 
A 

Firm 

B 

Hard 

C 

Soft 
ERL 4221  

Diglycidyl ether of polypropylene 

glycol (D.E.R. 736) (d) 

Nonenyl succinic anhydride (NSA) 

Dimethylaminoethanol (DMAE) (c)  

Cure schedule (hr) at 70°C (a)  

Pot life (days) (b)  

4.10 g 

1.43 g 

 

5.90 g 

0.1 g 

8 

3.4 

4.10 g 

0.95 g 

 

5.90 g 

0.1g  

8 

3.4 

4.10 g 

1.90 g 

 

5.90 g 

0.1 g 

8 

3.4 

(a) Cure for minimum hours indicated or longer, generally overnight. (b) Time 

between initial mixing and end point for convenient use, store at room 

temperature in a closed container. (c) As dimethylaminoethanol increases, color 

increases. (d) Reducing D.E.R. 736 lightly improves the color. 
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Table 5.2: ICP-MS instrumentation and operating conditions 

Manufacture: 

Model: 

Detector type: 

Dynamic range:   

Sensitivity (sol.): 

Cone type:  

ThermoElectron
®

 

X7-II
® 

ETP® dual mode (pulse and analogue counting) 

 ~1.3 x 10
9
 ICPS 

~350× 10
6
 ICPS/ppm 

High Performance Interface (HPI) 

 LA-ICP-MS): ICP-MS 

Plasma conditions  

Resolution: 

RF power: 

Plasma gas: 

Auxiliary gas: 

Nebulizer gas: 

Sampling depth: 

 

Standard (125), High (170) 

1400 W 

13 L min
-1

 

0.98 L min
-1

 

1.04 L min
-1

 

140 mm 

 

 

1400 W 

13 L min
-1

 

0.98 L min
-1

 

0.9 L min
-1

 

150 mm 

 

 

 
Table 5.3: LA system specifications and operating conditions 

Manufacture: 

Model: 

Type: 

 

Wavelength: 

Repetition rate: 

Pulse energy: 

Pulse width: 

Spot size 

Objective lens: 

Quantronix 

Integra C
®
   

Ti:sapphire based on the Chirped Pulse Amplification (CPA) 

technique 

Fundamental: 785 nm 

Up to 1kHz, experiment: 20 Hz 

Maximum: 2mJ/pulse, experiment: 0.51 mJ 

<130 fs 

110 µm 

10X  
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Table 5.4: element concentrations in sediment reference materials (LKSD-3, PACS-2 and 
MESS-3) as determined by solution ICP-MS. RSDs are calculated based on four replicate 
analyses. 

  LKSD-3 PACS-2 MESS-3 

  
Compiled 

[50] ICP-MS 
RSD 
(%) 

Compiled 
[50] ICP-MS 

RSD 
(%) 

Compiled 
[50] ICP-MS 

RSD 
(%) 

Li 25 22.98 1.1 32.2 26.77 3.4 73.6 64.11 0.6 

B 25 20.15 1.3 -- 24.25 4.6 -- 87.66 2.5 

Sc 13 12.79 1 -- 13.81 1 -- 16.37 0.7 

Ti 3330 2998 0.5 4430 4457 0.9 4400 4478 1.2 

V 55-82 74.73 0.3 133 122.01 1.7 243 196.79 0.5 

Cr 46-87 94.80 2.9 90.7 84.36 3.9 105 103.73 4.3 

Mn 1220-1440 1230 0.8 440 391.97 0.9 324 293.43 1.1 

Co 30 31.64 0.6 11.5 11.70 0.7 14.4 13.88 0.5 

Ni 44-50 92.40 4 39.5 40.14 1.3 46.9 44.94 1.1 

Cu 33-35 36.05 2.2 310 302.24 3.5 33.9 33.79 0.2 

Zn 132-152 88.67 1.8 364 193.18 2 159 104.02 2.3 

Ge 1.6 11.81 2.1 -- 10.30 2.5 -- 12.92 1.6 

As 23-28.6 22.17 2.1 26.2 28.36 3.7 21.2 23.71 0.3 

Rb -- 74.77 0.5 -- 41.48 0.2 -- 162.76 0.6 

Sr 240 245.53 0.3 276.0 262.64 0.4 129 132.68 0.7 

Y 30 25.24 0.7 -- 14.40 1.3 -- 23.26 0.3 

Nb 7.4-10 10.62 1.7 -- 9.44 1.2 -- 16.54 1.6 

Rh -- 0.008 4.7 -- 0.014 3.7 -- 0.004 5 

Pd -- 1.91 1.9 -- 1.19 2 -- 1.66 0.8 

Cd 0.4-0.9 1.65 2.6 2.1 4.58 5.2 0.2 0.74 4.6 

Sn 2-2.8 2.45 4.2 19.8 22.17 1.4 2.5 2.998 3.2 

Sb 1.3-1.4 2.04 5.1 11.3 20.41 2.3 1.2 1.91 1 

Cs 2 2.13 1.1 -- 2.02 0.4 -- 8.37 0.5 

Ba 680 594.08 0.5 802 828.63 1.5 -- 909.16 3.2 

La 52 44.07 1.2 -- 15.03 2 32.3 36.04 0.8 

Ce 90 81.68 0.8 22 30.30 2.2 66.6 68.77 0.5 

Pr 11.3-12 10.89 0.9 -- 3.87 2.4 -- 8.36 0.8 

Nd 44 40.59 0.9 -- 15.37 1.8 27.9 30.64 0.8 

Sm 8 7.27 0.9 -- 3.25 1.7 5.1 5.68 1.2 

Eu 1.5 1.47 0.6 -- 1.07 1.2 1.1 1.39 0.9 

Gd 6.4-7.5 8.72 0.5 -- 4.23 1.3 4.2 7.13 0.4 

Tb 1 0.92 0.5 -- 0.51 1.1 0.6 0.80 1.1 

Dy 4.9 4.58 0.9 -- 2.75 1 3.2 4.13 0.7 

Ho 1.02-1.1 0.90 0.7 -- 0.55 1.4 0.6 0.82 1.3 

Er 3-3.03 2.75 0.4 -- 1.61 0.8 1.9 2.50 0.8 

Tm 0.41-0.57 0.37 0.6 -- 0.22 1.4 0.3 0.35 0.7 

Yb 2.7 2.49 0.8 -- 1.47 1.5 1.9 2.35 0.7 

Lu 0.4 0.38 1.4 -- 0.22 1.4 0.3 0.35 1.6 

Re -- 0.005 3.4 -- 0.007 3.4 -- 0.006 3.7 

Pt -- 0.052 5.5 -- 0.027 1.4 -- 0.039 2.5 

Pb 21-32 27.93 3.7 183 155.83 1.4 21.1 20.01 1.3 

Bi 2.8 2.75 0.8 -- 0.31 7.2 0.3 0.29 0.3 

Th 11.4 10.10 1.7 -- 3.97 4.1 -- 11.18 0.8 

 U 4.6 3.92 1.7 2 2.16 0.5 4 3.26 1.2 
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Table 5.5: element concentrations in sediment reference material LKSD-1 as 
determined by solution ICP-MS and fs-LA-ICP-MS, n refers to the number of 
replicate analyses. 

  

Compiled [50] ICP-MS (n=4) fs-LA-ICP-MS (n=5) 

ppm ppm RSD (%) ppm RSD % 

Li 7 4.57 3.4 6.77 12.6 

B 49 31.15 3.4 30.08 40 

Sc 9 7.48 1.7 10.85 6.5 

Ti 620-3010 2911 1.4 2570 3.8 

V 27-50 45.14 1.3 53.42 9.4 

Cr 11--31 44.97 5.7 46.51 10.8 

Mn 410-700 600.61 4 862.96 4 

Co 8.0-11 11.69 0.7 12.36 9.1 

Ni 11--16 60.1 8.5 51.61 18.7 

Cu 42-44 43.41 1.8 52.15 2.8 

Zn 311-337 160.37 2.1 217.64 5.3 

Ge -- 5.24 1.9 9.71 5.2 

As 30-40 19.04 3.8 8.61 7.6 

Rb 24 22.15 1.6 26.25 9 

Sr 250 249.71 1.3 306.9 7.3 

Y 19 17.32 2.2 27.28 7.6 

Nb 7 5.24 4.1 3.83 1.7 

Pd -- 1.43 4.9 1.91 7.7 

Cd 1.2 2.76 6 4.54 24.5 

Sn 16 4.19 4.7 5.74 28.9 

Sb 1.2 1.93 8.2 2.09 13.2 

Cs 1.5 0.66 1.2 1.02 9.2 

Ba 85-430 351.12 1 435 9.3 

La 16 13.84 5.2 15.85 9.8 

Ce 27 24.56 5.1 24.58 19.9 

Pr -- 3.72 5.4 3.83 23.7 

Nd 16 15.54 4.8 20.97 6.1 

Sm 4 3.42 4 4.82 5.3 

Eu 0.9 0.94 2.5 1.22 10.7 

Gd 3.6 4.32 2.8 7.28 2.6 

Tb 0.6 0.54 1.8 0.86 3.7 

Dy 3.4 3.03 0.9 4.38 0.8 

Ho 1 0.63 1.5 0.89 7.8 

Er -- 1.89 1.5 3.03 6.2 

Tm 0.35 0.263 1.4 0.44 6.8 

Yb 2 1.8 1 2.29 6 

Lu 0.4 0.27 2.6 0.41 8.8 

Re -- 0.023 4.2 0.03 3 

Pt -- 0.029 3.9 0.015 19.2 

Pb 81-84 76.21 2.8 89.83 14.7 

Bi 0.95 0.85 2.3 0.86 8 

Th 2.2 2.16 5.9 2.03 10.8 

U 9.7 8.47 3.5 14.34 5.9 
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Table 5.6: element concentrations in sediment reference material LKSD-2 as 
determined by solution ICP-MS and fs-LA-ICP-MS, n refers to the number of 
replicate analyses. 

  

Compiled [50] ICP-MS (n=4) fs-LA-ICP-MS (n=5) 

ppm ppm RSD (%) ppm RSD % 

Li 20 18.02 1.2 17.66 8.2 

Sc 13 12.76 2.3 12.91 11.2 

Ti 3460 3274 1.7 3339 8.2 

V 48-77 72.37 2.6 75.45 13 

Cr 29-57 68.78 3.4 66.6 4.8 

Mn 1840-2020 1690 0.5 1698 16.4 

Co 15-17 18.41 0.9 18.37 7.1 

Ni 23-26 68.54 2 60.41 9.5 

Cu 34-37 37.66 2.7 38.89 19.1 

Zn 188-209 120.94 2.8 111.37 7.1 

Ge -- 13.05 1.6 13.73 6.1 

As 11 12.58 1.8 11.55 18.2 

Rb 85 79.78 0.6 76.61 14.5 

Sr 220 232.34 0.6 232.27 12.7 

Y 46 37.75 1.1 42.86 12.7 

Nb 11 11.59 3.5 11.03 17 

Pd -- 2.74 0.8 2.74 14.3 

Cd 0.6-1 2.08 2.3 2.13 5.5 

Sn 3.1 3.12 1.5 3.29 5.4 

Sb 1.02-1.2 1.77 4.5 1.71 26.2 

Cs 3 2.61 0.8 2.43 9.5 

Ba 206-780 677.45 0.4 588.9 10.4 

La 68 59.33 0.9 58.67 12.2 

Ce 120 127.99 0.8 115.06 16.6 

Pr 18 14.78 0.6 35.37 6.4 

Nd 58 55.46 0.7 58.04 14.2 

Sm 11 10.06 1 10.49 17 

Eu 1.9 1.94 0.5 1.98 12.2 

Gd 9-9.4 12.12 1 11.85 15.7 

Tb 1.4 1.32 0.4 1.32 17.6 

Dy 7.3 6.68 0.7 6.25 19.1 

Ho 1.5-2.1 1.34 0.6 1.22 17.7 

Er 4.4 4.04 0.5 3.89 18.1 

Tm 0.6-0.79 0.54 0.5 0.63 10.6 

Yb 4.4 3.66 0.6 3.62 18.8 

Lu 0.64 0.55 0.4 0.63 12.7 

Re -- 0.006 1.9 < DL -- 

Pt -- 0.057 2.2 < DL -- 

Pb 34-36 41.72 0.8 42.35 11.2 

Bi 1.07 1.07 0.7 0.99 15.8 

Th 13.4 11.62 0.7 11.4 9.7 

U 7.4 6.49 1.1 7.29 10.4 
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Table 5.7: element concentrations in sediment reference material STSD-2 as 
determined by solution ICP-MS and fs-LA-ICP-MS, n refers to the number of 
replicate analyses. 

  

Compiled [50] ICP-MS (n=4) fs-LA-ICP-MS (n=5) 

ppm ppm RSD (%) ppm RSD (%) 

Li 65 60.49 1 59.65 8.3 

B 42 26.12 1.8 25.12 5.3 

Sc 16 14.72 0.6 13.54 5.4 

Ti 1720-4870 4491 0.8 3937 5.3 

V 58-104 92.91 0.3 85.7 2.3 

Cr 43-116 119.12 3.1 124.84 4.4 

 Mn 670-1060 905.63 0.6 856.29 7 

Co 16-19 20.31 0.5 19.02 8.8 

Ni 47-60 91.88 1.5 107.88 9.5 

Cu 43-49 47.77 2.5 59.68 16.6 

Zn 216-246 124.74 3 172.1 13.5 

Ge -- 13.52 0.6 14.72 3.7 

As 32-42.1 40.21 1.6 40.84 6.7 

Rb 104 97.33 0.4 106.18 10.7 

Sr 400 463.1 0.8 467.1 13 

Y 37 31.12 1.3 31.16 8.8 

Nb 20 24.39 2.9 23.23 8 

Rh -- 0.014 3.5 0.017 19.9 

Pd -- 2.44 1.2 2.49 7.1 

Cd 0.7-0.9 2.07 6.5 2.05 18.3 

Sn 5 4.41 1.3 4.65 13.8 

Sb 2.6-4.8 7.65 3.9 8.22 18.8 

Cs 12 10.48 0.8 12.38 4.7 

Ba 100-540 459.6 0.4 439.4 25 

La 59 48.49 2 47.97 15.7 

Ce 93 81.51 1.7 65.86 9.6 

Nd 43 40.69 1.7 37.71 3.3 

Sm 8 7.75 1.2 7.72 12.7 

Eu 2 1.92 0.6 2.18 7.3 

Gd 7.4 9.8 0.3 9.95 11.1 

Tb 1.3 1.12 1.2 1.16 9.8 

Dy 6.5 5.73 1.3 5.55 8.6 

Ho 2.1 1.11 0.9 0.96 10.4 

Er -- 3.25 0.6 3.41 6.8 

Tm 0.75 0.43 1.8 0.43 12.5 

Yb 3.7 2.91 1.4 3.07 11.1 

Lu 0.7 0.43 1.5 0.42 6.3 

Pb 63-67 66.82 0.7 87.37 15.2 

Bi 3.86 3.52 0.8 3.33 10.6 

Th 16.1 14.99 3.9 15.36 13 

U 15.8 15 0.4 19.8 12.8 
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Table 5.8: element concentrations in sediment reference material STSD-3 as 
determined by solution ICP-MS and fs-LA-ICP-MS, n refers to the number of 
replicate analyses. 

  

Compiled [50] ICP-MS (n=4) fs-LA-ICP-MS (n=5) 

ppm ppm RSD (%) ppm RSD (%) 

Li 23-28 26.51 1.5 26.10 4.5 

B 82 51.17 2.8 49.91 11.1 

Sc 13 11.71 1.6 12.87 10.4 

Ti 610-4400 3874 1.3 4269 77.6 

V 61-134 120.32 1.9 122.32 9 

Cr 29-80 68.05 2.6 75.88 10.6 

Mn 2520-2730 2345 1.5 1425 19.3 

Co 14-16 16.09 1.7 15.23 11.6 

Ni 25-30 33.01 1.1 43.03 3 

Cu 36-40 39.18 1.8 37.58 15.3 

Zn 184-204 142.44 1.1 120.14 7.1 

Ge -- 11.09 1.2 12.13 9.4 

As 22-28.3 26.75 2.8 29.54 12.3 

Rb 68 62.63 2.1 68.04 5.4 

Sr 230 240.65 1.5 259.31 10.1 

Y 36 28.79 1.6 26.82 9.3 

Nb 12 13.19 2.8 9.15 4.6 

Pd -- 2.21 0.7 2.33 1.9 

Cd 0.8-1.1 2.85 3.2 2.18 7.8 

Sn 4 3.76 2.5 2.99 13 

Sb 2.4-4 6.45 1.2 4.65 22.9 

Cs 2.4-4 4.69 1.5 4.41 5.9 

Ba 1490 2051 1.4 1121 17.4 

La 39 31.69 2.3 27.71 11.7 

Ce 63 55.42 2.6 42.57 4.6 

Nd 33 31.23 2.4 29.79 10.2 

Sm 7 6.2 1.5 7.06 17.5 

Eu 1.3 1.72 1.3 1.51 15.6 

Gd 6.5 8.01 1.5 6.79 15.5 

Tb 1.1 0.94 1.5 1.05 8.3 

Dy 5.4 4.93 0.7 5.51 1 

Ho 1.3 0.99 1.2 1.01 14.3 

Er -- 2.97 1.6 3.03 14.1 

Tm 0.67 0.405 1.5 0.443 11 

Yb 3.4 2.77 2.1 2.54 11.2 

Lu 0.8 0.42 2.1 0.46 10.3 

Pb 39-42 41.04 2 39.43 10.4 

Th 8.5 7.22 3 8.93 12.5 

U 10.5 8.43 2 9.22 13.2 
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Figure 5.1: LKSD-3 and blank disks prepared by using  Spurr low viscosity epoxy 
resin 
 

 

                       a                                                                  b 

Figure 5.2: scanning electron micrographs (SEM) of: a) blank resin and b) 

LKSD-3, prepared by using Spurr low viscosity epoxy resin. Sediment 

grains are seen to have grain sizes up to~ 100µm, therefore utilization of a 

large laser spot size and scanning the laser beam over the sample surface 

are important to reduce the effect of sample heterogeneity on ablation 

behavior.  

 

LKSD-3 Blank resin 
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Figure 5.3: signal intensity obtained by fs-LA-ICP-MS of blank resin. The laser was 

fired after 60 seconds of gas blank collection. For most elements, there are 

insignificant changes in intensities upon ablation of the blank resin which indicates 

that the chemical contribution of the resin to sediment metal concentrations is 

extremely small and can be neglected for these elements. 
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Figure 5.4: signal intensity obtained by fs-LA-ICP-MS of sediment reference material 

LKSD-3. LKSD-3 was used as a calibration standard for quantification of other sediment 

reference materials which have been treated as unknowns. 

 

Laser on 



 153 

 
 

Figure 5.5: Chondrite-normalized concentration of sediment reference materials 

(LKSD-1, LKSD-2, LKSD-3, STSD-2, STSD-3 and MESS-3) for solution ICP-MS 

and fs-LA-ICP-MS in comparison to compiled values obtained from GeoReM. 

 

 

 

 

 

 

 

 

 

 

 

LKSD-1

1

10

100

1
3
9
L
a

1
4
0
C

e

1
4
1
P

r

1
4
6
N

d

1
4
7
S

m

1
5
3
E

u

1
5
7
G

d

1
5
9
T

b

1
6
3
D

y

1
6
5
H

o

1
6
6
E

r

1
6
9
T

m

1
7
2
Y

b

1
7
5
L
u

C
h

o
n

d
ri

te
-n

o
rm

a
li

z
e
d

 c
o

n
c
e
n

tr
a
ti

o
n

..
  

  
  

Compiled values

ICP-MS

fs-LA-ICP-MS

LKSD-2

1

10

100

1000

1
3
9
L
a

1
4
0
C

e

1
4
1
P

r

1
4
6
N

d

1
4
7
S

m

1
5
3
E

u

1
5
7
G

d

1
5
9
T

b

1
6
3
D

y

1
6
5
H

o

1
6
6
E

r

1
6
9
T

m

1
7
2
Y

b

1
7
5
L
u

C
h

o
n

d
ri

te
-n

o
rm

a
li

z
e
d

 c
o

n
c
e
n

tr
a
ti

o
n

..
  

  
  

Compiled values

ICP-MS

fs-LA-ICP-MS

LKSD-3

1

10

100

1000

1
3
9
L
a

1
4
0
C

e

1
4
1
P

r

1
4
6
N

d

1
4
7
S

m

1
5
3
E

u

1
5
7
G

d

1
5
9
T

b

1
6
3
D

y

1
6
5
H

o

1
6
6
E

r

1
6
9
T

m

1
7
2
Y

b

1
7
5
L
u

C
h

o
n

d
ri

te
-n

o
rm

a
li

z
e
d

 c
o

n
c
e
n

tr
a
ti

o
n

..
  

  
  

Compiled values

ICP-MS

MESS-3

1

10

100

1000

1
3
9
L
a

1
4
0
C

e

1
4
1
P

r

1
4
6
N

d

1
4
7
S

m

1
5
3
E

u

1
5
7
G

d

1
5
9
T

b

1
6
3
D

y

1
6
5
H

o

1
6
6
E

r

1
6
9
T

m

1
7
2
Y

b

1
7
5
L
u

C
h

o
n

d
ri

te
-n

o
rm

a
li

z
e
d

 c
o

n
c
e
n

tr
a
ti

o
n

..
  

  
  

compiled(MESS-3)

ICP-MS

STSD-2

1

10

100

1000

1
3
9
L
a

1
4
0
C

e

1
4
6
N

d

1
4
7
S

m

1
5
3
E

u

1
5
7
G

d

1
5
9
T

b

1
6
3
D

y

1
6
5
H

o

1
6
6
E

r

1
6
9
T

m

1
7
2
Y

b

1
7
5
L
u

C
h

o
n

d
ri

te
-n

o
rm

a
li

z
e
d

 c
o

n
c
e
n

tr
a
ti

o
n

..

Compiled values

ICP-MS

fs-LA-ICP-MS

STSD-3

1

10

100

1000

1
3
9
L
a

1
4
0
C

e

1
4
6
N

d

1
4
7
S

m

1
5
3
E

u

1
5
7
G

d

1
5
9
T

b

1
6
3
D

y

1
6
5
H

o

1
6
6
E

r

1
6
9
T

m

1
7
2
Y

b

1
7
5
L
u

C
h

o
n

d
ri

te
-n

o
rm

a
li

z
e
d

 c
o

n
c
e
n

tr
a
ti

o
n

..

Compiled values

ICP-MS

fs-LA-ICP-MS



 154 

 
 

 

10

100

1000

10000

19 21 23 25 27 29 31 33 35 37

Depth (cm)

C
o

n
ce

n
tr

at
io

n
 (

p
p

m
).

  
  

  
  

 

Cr

Ba

 
 

Figure 5.7: distribution of Cr and Ba along sediment core extracted from Lake 

Erie, Ontario, Canada, as measured by fs-LA-ICP-MS. The deepest sediment has 

less Cr than the most recent one which indicates the variation of industrial Cr 

input with time. Ba concentration is almost constant along the core reflecting 

constant geological sources. 
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                      a                                                                              b 

Figure 5.6,  a: SEM image of two ablation tracks in a sediment core, b: agreement 

between signal intensities of 27Al obtained from two ablation line scans of a sediment 

core section. Good reproducibility exists between the two ablations. Each data point is 

the average of 50 mass scan. 
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6.1 INTRODUCTION 

LA-ICP-MS is a powerful analytical technique that has been applied to 

multi-element analysis of trace, minor and major elements of solids in many 

areas of science including geological, environmental, medical, biological and 

forensic [11-12]. Many parameters affect the analytical capabilities of this technique 

and make its optimization difficult [13-26]. This includes parameters related to the 

laser beam (wavelength, pulse with, energy, repetition rate and beam profile), 

ablation cell and transport tubing (design and geometry of the ablation cell, 

tubing properties and ablation cell gas) and mass spectrometer (interface 

pressure, design and geometry of the cones, type of analyzer and type of 

detector).  

Despite the advantages of LA-ICP-MS, there are a number of drawbacks 

that limit its application to routine analysis. Elemental and isotopic fractionation 

[27] is an issue that occurs during LA-ICP-MS and limits accurate analysis of 

different types of samples. For accurate and precise analysis, the ablated 

materials must be representative of the sample (i.e. has the same chemical 

composition as the sample) and must be completely transported to the ICP and 

completely ionized in the ICP. These criteria for accurate analysis are generally 

not completely attained during analysis since laser-induced fractionation can 

occur as a result of thermal effects in the irradiated volume which can cause 

segregation of elements depending on their thermal properities. Fractionation 

can also occur due to particle loss in the ablation cell or during transport if the 

chemical composition of particles is size dependent. Incomplete vaporization and 
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atomization of particles in the ICP is another source of fractionation. The use of 

matrix-matched standards for calibration is normally required to eliminate laser-

induced fractionation but the lack of appropriate standards of a wide variety of 

samples of interest currently restricts the accurate and precise applications of 

this technique. Different laser sampling strategies [28] (such as active focusing, 

soft ablation, and scanning ablation) have been used to reduce laser-induced 

fractionation. 

Matrix effects are another drawback of LA-ICP-MS [29]. The amount of 

ablated material depends on the properties of the sample being ablated. An 

internal standard is usually used to correct for variation of the ablation yield 

between sample and the standard reference material. An internal standard is an 

element that has a known concentration and homogeneous distribution in both 

the sample and the standard. The internal standard should have similar 

properties to the elements being quantified for accurate and precise 

characterization of the unknown. 

Most of the work done to improve the analytical capabilities of LA-ICP-MS 

has concentrated on developing lasers that can provide controlled ablation where 

the laser energy is efficiently absorbed by the sample and the ablated material is 

representative of the sample [24-27]. Laser wavelength is an important parameter 

in nanosecond laser systems since it affects the degree of laser energy 

absorption by matrices of different transparency. Laser systems operating at UV 

wavelengths (frequency quadrupled: 266 nm, frequency quintupled: 213 nm 

Nd:YAG and 193 nm ArF excimer laser) have better ablation characteristics than 
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those operating at IR wavelength (fundamental 1064 nm Nd:YAG). The utilization 

of femtosecond laser pulses probably represents the most promising 

instrumental advancement toward the idea of controlled ablation. Application of 

femtosecond lasers has greatly improved the analytical capabilities of LA-ICP-

MS. The drawbacks observed in nanosecond LA-ICP-MS (fractionation and 

matrix effects) have been very much reduced when femtosecond lasers are used 

for ablation. 

 

6.2 SUMMARY OF THE THESIS 

In my thesis I investigated aspects of the interactions of lasers with solids. 

Understanding the mechanisms of these interactions is an important step to 

reach the full potential of LA-ICP-MS as an analytical technique. In chapter 2 I 

summarized a method commonly used to generate femtosecond laser pulses. It 

is important for people working with such laser systems to understand how they 

work. This will be of great help to solve problems that can arise during 

experimental work. For example our early investigations on interaction of 

femtosecond lasers with solids (by studying the surface morphology of ablated 

materials using scanning electron microscope) showed a distortion of the laser 

beam (i.e the laser beam was not a Gaussian but had some hot spots across it, 

see chapter 2). Such distorted laser energy profiles can not achieve the precise 

and accurate analyses by LA-ICP-MS required for some applications. Our 

understanding of the femtosecond laser system has helped us to determine the 

likely reasons responsible for this distortion and to reduce their effects by proper 
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alignment of optics (both inside and outside the laser system) and proper 

selection of the objective lens used to focus the laser beam on the sample. 

Chapter 2 also summarized in brief the mechanisms of laser-solid 

interactions and the differences between femtosecond and nanosecond laser 

ablation. Minimum thermal effects and minimum laser-plasma interactions are 

characteristics of femtosecond laser ablation. As a result lower laser ablation 

thereshold, higher energy absorption, narrower particle size distribution, better 

transport efficiency and better atomization and ionization in the ICP-MS are 

advantages of femtosecond compared to nanosecond LA-ICP-MS. 

Evaluation of the analytical capabilities of fs-LA-ICP-MS was done by the 

analysis of 6 standard reference materials (NIST and basalt glasses) under 

optimum operating conditions, chapter 3. We found from this study that 

fractionation (a severe problem for some elements in nanosecond LA-ICP-MS) 

and matrix effects have been very much reduced when ablation was carried out 

using femtosecond laser pulses.  Materials of different transparency (NIST 610 

vs NIST 614) were found to have similar ablation behavior under femtosecond 

laser ablation. Matrix effects were also reduced. In this chapter we analyzed 5 

standard reference (NIST 610, NIST 612, BHVO-2G, BIR-1G and BCR-2G) 

materials using fs-LA-ICP-MS and NIST 612 as an external standard. There was 

a good agreement between the measured concentrations and the published 

values for most investigated elements. The precisions were better than 10% for 

most investigated elements in all matrices. The data published in this chapter can 

be considered as a valuable data base for analytical laboratories since it lists the 
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concentrations of 63 elements found in 5 standard reference materials commonly 

used for calibration of LA-ICP-MS. 

Mixed gas plasmas were investigated in chapter 4 by adding different 

gases such as hydrogen and nitrogen to the Ar gas in fs-LA-ICP-MS. The 

addition of small amounts of these molecular gases changes the plasma 

properties by affecting the electron number density and plasma temperature 

since these gases have higher thermal conductivities than Ar. Enhancement of 

sensitivities was observed for many elements across the mass spectrum. The 

effect of nitrogen on sensitivity and mass bias in Pb isotope determination by fs-

LA-MC-ICP-MS was also investigated. Nitrogen was used instead of hydrogen 

since hydrides formed as a result of hydrogen addition can cause interferences 

on isotopes of interest (i.e. 203Tl1H on 204Pb, 204Pb1H on 205Tl, 205Tl1H on 206Pb, 

206Pb1H on 207Pb and 207Pb1H on 208Pb). We found that the mass bias of Tl is not 

identical to that of Pb and this difference must be taken into consideration to get 

accurate and precise isotope ratio determination. A reduction of mass bias by a 

factor of ~13 % was observed upon addition of small amount of nitrogen to the Ar 

gas before the ablation cell. Also mass bias stability was achieved when the 

nitrogen flow rate exceeded 5 ml/min. More precise and accurate Pb isotope 

ratios in NIST 610 were obtained when Tl was used to correct for mass bias 

compared to the standard sample standard bracketing correction method. 

Chemical analysis of sediments and soils are important applications of LA-

ICP-MS. Analyses of these matrices using solution ICP-MS require time 

consuming digestion procedures using hazardous acids like HF with increased 
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risk of contamination or loss of volatile elements.  In chapter 5 we reported 

elemental concentrations of 7 sediment reference materials (lake sediments: 

LKSD-1, LKSD-2, LKSD-3; stream sediments: STSD-2 and STSD-3; marine 

sediments:PACS-2 and MESS-3) determined by both solution ICP-MS and fs-LA-

ICP-MS. Sediment reference materials were prepared for LA-ICP-MS by 

impregnation with Spurr low viscosity epoxy resin in a form of solid disks suitable 

for laser ablation. Solution ICP-MS gave precisions better than 2 % for most 

investigated elements in all sediment reference materials except LKSD-1 which 

showed slightly higher RSD (but better than 5%). The precision obtained in fs-

LA-ICP-MS was better than 15 % for most investigated elements in all matrices. 

The good agreement between concentrations determined by fs-LA-ICP-MS and 

solution ICP-MS indicates the success of the method used to prepare sediment 

for LA-ICP-MS and the possibility of extending this method to the preparation of 

sediment cores for high spatial resolution analysis. 

 

6.3 FUTURE WORK 

A problem associated with LA-ICP-MS is the lack of suitable standard 

reference materials (SRMs) for most samples that can by analyzed by this 

tecnique. In sediment analysis, as an example, homogeneous and certified 

reference  materials  do not exist, appropriate for analyses at the micro meter 

scale. Therefore working on development of SRMs is important to improve LA-

ICP-MS. Different methods to prepare sediment cores in ways that keep their 
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integtity are needed to get  better quality and faster sediment preparation for LA-

ICP-MS. 

Accurate and precise isotopic analyses using surrogates (e.g. Tl to correct 

for mass bias of Pb) need more investigation. It is important to study the effect of 

opereatiing conditions of MC-ICP-MS and laser sampling conditions on mass 

bias in a systematic way to determine to improve isotope ratio measurements. 

An issue that needs to be addressed in femtosecond LA-ICP-MS is the 

effect of wavelength on the ablation characteristics of a wide variety of matrices 

with different absorption behavior. So far, it seems that wavelength in fs-LA-ICP-

MS has minor effects (in contrast to nanosecond LA-ICP-MS where wavelength 

is a dominant parameter affecting ablation behavior) on ablation behavior in 

terms of particle size distribution, matrix effects and ablation yield.  Robust 

studies of wavelength effects are not yet possible due to insufficient fluence 

obtained after frequency conversion from IR to UV due to the limited output 

energy of current femtosecond laser systems and poor energy conversion 

efficiency. The continuous progress in femtosecond laser technology will 

probably lead to a new generation of high power femtosecond laser systems that 

have high energy in the UV range. At that point more studies using UV 

femtosecond laser pulses can reveal the current unknown wavelength 

dependency of fs-LA-ICP-MS. The main benefit of using UV femtosecond laser 

pulses for ablation could be the improvement of spatial resolution (small crater 

size), as was discussed in Chapter 2. 
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APPENDIX B 

 
Detection limits in ppm obtained using fs-LA-ICP-MS of NIST and Basalt reference materials. 

Element Isotope NIST 610 NIST 612 NIST 614 BCR-2G BHVO-2G BIR-2G 

Li 7 0.6 1.1 1.0 2.1 2.1 1.5 

Be 9 0.3 0.5 0.4 0.4 0.6 0.4 

B 11 0.6 1.1 1.0 1.3 1.5 1.1 

Na 23 23.2 46.9 40.6 39.3 52.9 42.9 

Mg 25 2.1 3.8 3.4 4.2 5.9 5.7 

Al 27 5.6 11.1 7.9 10.8 12.8 11.2 

Si 29 396.4 770.2 684.8 794.4 963.9 790.9 

P 31 10.1 20.1 18.8 26.4 39.9 28.8 

K 39 2.9 6.4 5.5 6.7 8.0 6.9 

Ca 43 307.3 611.7 467.7 547.3 636.4 498.4 

Sc 45 0.4 0.8 0.7 0.7 0.8 0.7 

Ti 47 2.4 4.8 3.3 4.0 4.6 3.7 

V 51 0.4 0.8 0.6 0.9 1.0 0.8 

Cr 52 0.3 0.7 0.6 0.7 0.8 0.7 

Mn 55 0.2 0.3 0.2 0.3 0.3 0.2 

Fe 57 8.7 17.7 16.2 23.2 20.2 21.1 

Co 59 0.150 0.275 0.267 0.380 0.472 0.421 

Ni 60 0.486 1.041 0.941 1.156 1.407 1.027 

Cu 65 0.449 1.007 0.777 1.029 1.201 0.951 

Zn 66 0.175 0.396 0.286 0.466 0.515 0.447 

Ga 69 0.055 0.111 0.084 0.110 0.123 0.094 

Ge 72 0.132 0.303 0.233 0.277 0.299 0.229 

As 75 0.422 0.818 0.767 1.252 1.452 1.151 

Rb 85 0.069 0.128 0.123 0.101 0.136 0.105 

Sr 86 0.293 0.524 0.412 0.713 0.884 0.714 

Y 89 0.011 0.024 0.016 0.018 0.019 0.014 

Zr 90 0.016 0.036 0.025 0.017 0.027 0.017 

Nb 93 0.012 0.024 0.017 0.017 0.020 0.015 

Mo 95 0.085 0.170 0.142 0.171 0.195 0.164 

Rh 103 0.008 0.016 0.011 0.013 0.016 0.013 

Pd 105 0.042 0.096 0.075 0.085 0.089 0.078 

Ag 107 0.030 0.061 0.044 0.048 0.050 0.041 

Cd 110 0.112 0.213 0.171 0.154 0.171 0.131 

In 115 0.008 0.017 0.014 0.019 0.021 0.016 

Sn 118 0.029 0.064 0.047 0.050 0.061 0.043 

Sb 121 0.045 0.094 0.065 0.065 0.063 0.059 

Cs 133 0.029 0.059 0.053 0.055 0.057 0.053 

Ba 137 0.044 0.084 0.051 0.058 0.079 0.065 

La 139 0.006 0.011 0.007 0.004 0.006 0.004 
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Ce 140 0.004 0.009 0.006 0.004 0.005 0.004 

Pr 141 0.004 0.008 0.005 0.002 0.004 0.003 

Nd 146 0.024 0.049 0.023 0.012 0.023 0.010 

Sm 147 0.025 0.053 0.032 0.015 0.028 0.013 

Eu 153 0.007 0.014 0.008 0.006 0.009 0.008 

Gd 155 0.034 0.065 0.043 0.038 0.049 0.033 

Tb 159 0.004 0.009 0.005 0.004 0.004 0.004 

Dy 163 0.018 0.035 0.020 0.012 0.015 0.006 

Ho 165 0.005 0.010 0.005 0.003 0.004 0.003 

Er 166 0.013 0.027 0.014 0.007 0.014 0.006 

Tm 169 0.004 0.010 0.004 0.004 0.005 0.004 

Yb 172 0.019 0.038 0.025 0.013 0.023 0.014 

Lu 175 0.005 0.009 0.006 0.004 0.006 0.004 

Hf 178 0.013 0.029 0.013 0.006 0.010 0.007 

Ta 181 0.005 0.011 0.006 0.003 0.003 0.002 

W 182 0.013 0.030 0.018 0.010 0.014 0.007 

Re 185 0.008 0.018 0.011 0.008 0.011 0.008 

Pt 195 0.019 0.041 0.024 0.014 0.023 0.011 

Au 197 0.014 0.026 0.014 0.011 0.013 0.010 

Tl 205 0.010 0.020 0.015 0.012 0.013 0.011 

Pb 206 0.019 0.040 0.026 0.020 0.022 0.018 

Bi 209 0.016 0.028 0.023 0.022 0.021 0.017 

Th 232 0.005 0.011 0.007 0.003 0.004 0.003 

U 238 0.003 0.007 0.003 0.002 0.004 0.001 
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