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ABSTRACT 

Fluorescence Imaging of Analyte Profiles in an Inductively Coupled Plasma with  
Laser Ablation as a Sample Introduction Source 

 
Lance Moses 

Department of Chemistry and Biochemistry, BYU 
Doctor of Philosophy  

 
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has risen to 

among the top tier techniques for the direct analysis of solid samples. However, significant 
problems remain that must be solved to achieve the full analytical potential of LA-ICP-MS. 
Inefficient conversion of aerosol to ions within the ICP or transmission through the MS interface 
may decrease precision, sensitivity, and/or accuracy. Although fundamental mechanisms that 
govern ion production and transmission have been studied extensively in solution-nebulization 
(SN) ICP-MS instruments, significant gaps in our understanding remain. Furthermore, it is 
unclear to what extent differences between the aerosols generated during SN and LA influence 
either ion production or transmission. In this work, I initially investigated differences in the 
spatial distributions of Ca, Ba, and Sc ions generated by LA and SN using high-resolution LIF 
imaging. Ions formed from aerosol generated by LA at low fluence were distributed over much 
greater axial and narrower radial distances than SN aerosol. Additionally, I investigated the 
effects of solvent, laser fluence, and ablation atmosphere (He vs Ar) on ion distributions in the 
ICP. Unlike solvent, changing laser fluence and ablation atmosphere produced considerable 
changes in the ion signal intensity and spatial distribution during LA. At greater laser fluence, 
the radial distance over which ions were distributed dramatically increased. Surprisingly, when 
helium was mixed with argon as carrier gas, ion signals decreased. Many of these effects were 
assumed to be related to changes in the number and size of particles generated during LA. In a 
follow-up study, relative contributions to ion densities in the ICP from particles of different sizes 
were investigated. LIF images were recorded while filtering particles above a threshold size on-
line. Micron-sized particles contributed the majority of ions formed in the ICP. For Ba, Ca, and 
Sc, differences in the axial position where nanometer- and micron-sized particles vaporized were 
2, 1, and less than 1 mm, respectively. I also performed experiments to identify changes in the 
ion signal related to changing ablation conditions vs. changing ICP conditions associated with 
helium additions to the carrier gas. LIF images were recorded during different combinations of 
He/Ar added upstream and/or downstream of the ablation cell. Changes in the ion signal during 
ablation in helium vs argon did not always match expectations based on changes in particle 
numbers and sizes measured with SEM. The results force re-examination of some of the 
fundamental assumptions about the effect of carrier gas composition on the performance of LA-
ICP-MS. The research described in this dissertation provides valuable insight into fundamental 
aspects of key ICP processes related to LA generated aerosol.          
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1 INTRODUCTION  

1.1 Introduction to laser ablation inductively coupled plasma mass spectrometry 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is a widely 

used analytical technique for rapid, trace-elemental and isotope-ratio analysis of solid samples. 

Since first being introduced in 1985 [1], LA-ICP-MS has gained widespread popularity and 

increased applications in numerous fields of study, such as geology, forensics, counterfeit 

detection, material sciences, biology, and medicine [2-7]. LA sampling offers numerous 

advantages over traditional solution nebulization (SN) ICP-MS. Most significantly, LA requires 

little to no sample preparation. Sample preparation techniques, such as acid digestions, often 

required in SN-ICP-MS, are not only costly, time consuming, and possibly dangerous, but 

increase the risk of contamination and loss of volatile elements [8]. Additionally, LA offers 

better spatial resolution (less than 1 μm), sensitivity, and LODs compared to SN-ICP-MS. 

Finally, the quasi-nondestructive nature of LA, requiring as little as 0.1 μg/s, is appealing for 

numerous applications [9]. Consequently, as laser technology developed, many began looking 

towards LA as a possible sample introduction source. However, in practice, especially when 

matrix-matched standards are unavailable, LA-ICP-MS typically performs far below its potential 

in terms of sensitivity, precision, and accuracy [10-13]. 

In SN-ICP-MS, sophisticated methods relying on calibration strategies such as internal 

standardization, standard addition, and isotope dilution are routinely used to obtain high levels of 

precision and accuracy [14]. However these strategies are not generally possible for solid 

samples. And, unfortunately, LA is particularly prone to sample loss and fractionation effects. 

Off-axis diffusion and incompletely vaporizing particles represent two major sources of sample 

loss in the ICP, and may both lead to fractionation effects. Both are expected to be more 
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pronounced for the broad distribution of particle sizes generated during LA, compared to SN. 

Thus, in cases where matrix-matched standards are unavailable, analysis by LA-ICP-MS is often 

considered semi-quantitative. Although progress has been made in developing alternative 

calibration strategies for LA-ICP-MS, they are often laborious, impractical, ineffective, or have 

limited applications [15-20]. More research is needed to elucidate processes in LA-ICP-MS 

contributing to sensitivity loss and error. Currently, it is understood that fractionation effects may 

occur during ablation, aerosol transport, within the ICP, and during transmission from the ICP to 

the mass analyzer. Although initial attempts to study factors influencing sensitivity and accuracy 

in LA-ICP-MS focused on the ablation event [21-25], the focus has shifted more recently to ICP 

processes [26-30].    

A major focus in our research group has been characterizing fundamental aspects of ICP 

processes, including those related to matrix effects, in SN-ICP-MS. Emission [31-37] and laser-

induced fluorescence (LIF) [38-43] techniques have been used to probe analyte distributions in 

the ICP. Results from these efforts complement extensive research done in many other labs on 

fundamental ICP processes [8, 44-58]. Although the fundamental mechanisms governing the 

particle-plasma interaction in SN aerosol droplets are likely to operate in LA instruments, 

significant differences in aerosol properties of the two should not be overlooked. A greater 

understanding of how differences in the aerosol generated during SN and LA might affect ICP 

processes is needed to further improve the analytical capabilities of LA-ICP-MS.  In this work, 

significant differences in the spatial distribution of ions formed from SN and LA aerosol are 

demonstrated using LIF. The effects of key laser ablation parameters—including solvent, laser 

fluence, and ablation gas environment—on ion distributions were also investigated. Significant 

progress was made in charactering fundamental aspects of ICP processes related to LA aerosol.  
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1.2 Fundamental overview of LA-ICP-MS 

1.2.1 Laser systems 

There has been a tremendous growth in laser technology since 1985, when Gray et al. [1] 

demonstrated the potential of ruby lasers as a sample introduction technique coupled to ICP-MS. 

Since then, Nd:YAG, excimer, and more recently Ti-Sapphire lasers have been coupled to ICP-

MS [18]. Ablation patterns of these lasers are heavily dependent on wavelength, pulse duration, 

spot size, fluence, repetition rate, ablation mode, and gas environment [2]. Ideal laser parameters 

vary widely for different sample types and applications. Wavelengths in the UV range (193, 213, 

and 266 nm) and femtosecond pulse durations are generally preferred as they favor small 

particles more suitable for vaporization in the ICP [59, 60]. However, femtosecond lasers are 

more expensive and do not always ensure superior performance [60-62]. Consequently, Nd:YAG 

lasers, which are cheap, robust, reliable, and easy to operate, have been the most widely used 

[18].  

In addition to a laser, typical components of a laser ablation system include beam steering 

and focusing optics, an ablation cell, and transport tubing. A variety of optics has been used to 

manipulate the output pulse. Beam homogenizing optics that produce a “flat-top” beam profile, 

compared to a Gaussian profile, improve ablation characteristics [63]. Beam energy attenuators 

are also commonly used to control the laser fluence. Also, typical ablation systems use a mirror 

to direct the beam to the sample and a lens to focus the beam near the sample surface. Samples 

are housed in an air-tight ablation cell mounted to a motorized XYZ stage to perform rastering 

ablation and allow adjusting of the laser focus. Ablation cells vary widely in design and 

performance [64-67]. Ideally, the design of the ablation cell and transport tubing maximizes 

transport efficiency and minimizes wash-out times [65, 66]. Properties that largely determine 
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aerosol transport efficiencies include: cell volume, laser focus, tubing diameter, tubing length, 

physiochemical properties of the tube, and gas composition [68-71].  

1.2.2 Laser ablation 

The chemical and physical mechanisms that govern laser-matter interactions are 

extremely complex and difficult to study. Presented here is a simplification of light-matter 

interaction pertaining to particle production in ultra-violet nanosecond laser ablation (UV-ns-

LA); a number of detailed reviews have been published [72-76].  Ablation with UV-ns laser 

pulses is generally considered to operate in two regimes: surface vaporization and phase 

explosion [77, 78]. During surface vaporization, laser energy is absorbed by free or bound 

electrons and subsequently leads to excitation of lattice phonons.  When phonons relax, they 

transfer their energy to the lattice. Phonon relaxation is considered instantaneous (0.1 ps) 

compared to the time-scale of a ns-LA pulse. Melting and vaporization occurs when lattice 

temperatures exceed the melting and vaporization points of the material. This process dominates 

when laser pulse energies are just above the ablation threshold energy of the material. Therefore, 

surface vaporization is considered to be the dominant ablation mechanism at low laser fluence.  

Above a second threshold fluence, ablation mechanisms are characterized by an 

explosion of vapor and liquid droplets, referred to as phase explosion. This follows a process of 

homogenous nucleation as a material is superheated to a metastable state as it approaches its 

thermodynamic critical temperature (~0.9Tc) [78, 79]. Both surface vaporization and phase 

explosion primarily produce spherical particles. In addition to surface vaporization and phase 

explosion, non-thermal mechanisms of mass removal during ablation have been discussed. 

“Cleavage fragments” generated through a mechanical shock process, also referred to as 

exfoliation, have been described [12, 80, 81]. Following mass removal in either regime, pressure 
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gradients above the ablated surface lead to an expansion of ablated material away from the 

surface in a plume of material. If there is sufficient energy, a significant amount of the expanding 

plume will be ionized, leading to the formation of a surface plasma [82]. This may results in 

plasma shielding, where the tail end of the nanosecond laser pulse’s energy is absorbed by the 

surface plasma through photo-ionization or inverse Bremsstrahlung. The surface plasma not only 

reduces ablation efficiencies [83, 84], but may lead to aerosol loss as it compresses the 

expanding plume of aerosol [85]. Particle formation in the expanding plasma, composed of hot 

atoms, ions, molecules, and particles, occur through complex nucleation and condensation 

mechanisms [12]. Again, it should be stressed that the predominate mechanisms governing mass 

removal and particle formation during ablation are highly dependent on properties of the laser, 

ablated material, and laser system.  

1.2.3 Inductively coupled plasma 

ICPs are highly efficient sources of ions, generating ions for over 90% of elements, with 

ionization efficiencies over 90% for elements with ionization potentials below about 8 eV. Non-

selective processes, such as electron impact, are considered to be the most likely mechanism for 

ionization. However, charge transfer and Penning ionization have also been suggested as 

additional mechanisms. The extent to which each mechanism contributes is still debated by 

researchers [86]. An ICP has three main components: a radiofrequency (RF) generator, a 

coupling coil and a torch.  The plasma is sustained in a torch composed of three concentric fused 

silica tubes; the end of the torch is surrounded by an induction coil. An RF generator, typically 

operating between 700-1500 W, supplies an alternating current at 27 MHz to the induction, or 

load coil. Argon, which possesses ideal ionization properties, is cheap, and seldom reacts with 

the sample, is exposed to an electric spark that generates free electrons. High-energy electrons 
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accelerated in the oscillating magnetic field collide with argon atoms, generating more free 

electrons and joule heating. The plasma is self-sustaining when the temperature reaches the 

ionization temperature of the gas. Additional argon flowing through the outer section of the torch 

acts to contain the plasma, protecting the surrounding tubing from the intense heat. The 

temperature is not distributed uniformly throughout the plasma. The outermost region of the 

plasma, that portion nearest the outer walls of the torch, is the hottest, reaching temperatures as 

high as 10,000 K. The axial channel, the innermost region of the plasma where the sample is 

introduced, is much cooler, with temperatures between 5000 and 7000 K.  

Particles entering the axial channel begin vaporization in the preheating zone (PHZ) [87]. 

These species then enter the initial radiation zone (IRZ) where atomization occurs. Ideally, 

particles are completely atomized in the IRZ and form ions just upstream from the sampling cone 

in the normal analytical zone (NAZ). These zones represent ideal patterns of ionization within 

the plasma; actual patterns are highly dependent on variations in particles and plasma properties.    

1.2.4 Interfacial region 

Although the focus of this work pertains to processes that occur in the ICP, a brief 

discussion of ion transmission through the vacuum interface of the mass analyzer will be 

instructive. The interface regions are defined by two concentric metal cones, the sampling cone 

and the skimmer cone, most commonly made of nickel or platinum. Ions first enter the sampler 

cone orifice, typically 1 mm in diameter, ideally positioned in the NAZ. Changes in ICP 

conditions due to the presence of the cooled sampling cone are not trivial [43, 88]. Lower 

electron and gas-kinetic temperatures in the presence of the metallic sampling cone in the ICP 

have been reported [89, 90]. Ions passing through the sampler cone into the first vacuum 

chamber, which is typically around 1 Torr, expand adiabatically. Ion loss during supersonic 
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expansion [91] in the first vacuum chamber reduces sensitivity and accuracy [41, 92]. A skimmer 

cone, typically 0.5 millimeters, located a few millimeters behind the sampler cone, collects a 

portion of the ions that have undergone the supersonic expansion [93, 94]. Ions pass through the 

skimmer cone and enter the second vacuum chamber, typically held around 10-3 Torr. The stream 

of ions exiting the skimmer cone are extracted, focused, and directed to the mass analyzer by a 

series of ion optics. The imposed electric fields during extraction are a significant source of ion 

loss. Also, space charge effects within the ion beam may lead to instrument error [95]. Therefore, 

transmission of ions through the interface is a significant source of sensitivity loss and error [40, 

42]. Processes unique to different mass analyzers used in LA-ICP-MS are beyond the scope of 

this work and will therefore not be addressed.  

1.2.5 Method of investigation 

The studies described here were performed using planar laser-induced fluorescence (LIF) 

to generate a 2D map of analyte ion distributions in the ICP. LIF is a powerful, non-invasive 

technique to probe species in the gas phase, and has been used to study ICP extensively. A 

detailed review of LIF can be found in ref [96]. Briefly, a laser source is used to promote a 

species of interest to an excited state. Fluorescence is emitted as the excited species relaxes to a 

lower state. Relaxation to non-ground state levels, such as the 2D5/2 for Ba II, leads to 

fluorescence with a longer wavelength than the exciting pulse. The ability to detect fluorescence 

at wavelengths other than the excitation wavelength is ideal as it reduces background noise. 

Tunable dye lasers, which can access a large domain of wavelengths with narrow band widths, 

are commonly used in LIF. Error associated with pulse-to-pulse variations and beam 

inhomogeneity, common in dye lasers, can be minimized by using pulse energies sufficiently 

large to saturate the excitation transition. High-resolution profiles can be obtained by imaging the 
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LIF onto a gated, intensified charge-coupled device (iCCD). Images captured under varying 

instrumental conditions provide remarkable insight into the fundamental mechanisms that govern 

the operation of those conditions.  

1.3 Background information 

1.3.1 Solvent  

Qualitative differences between the vaporization, atomization, and ionization patterns in 

the ICP of aerosol generated during SN and LA have been demonstrated using high-speed digital 

photography [97]. Solvent, present in SN and not in LA aerosol, is a fundamental difference in 

aerosol generated by SN and LA. Solvent effects on ICP conditions have been described. Higher 

plasma temperatures with increasing water load have been reported [98]. Oxygen from water 

leads to an increased amount of polyatomic oxides and hydroxides formed [99]. This increases 

the potential for isobaric interferences that contribute to background signal, degrading LODs. 

However, liquid standards used for calibration during LA sampling have led to improvements in 

LA-ICP-MS accuracy [100-104]. These improvements were attributed to greater plasma 

robustness and stability due to more efficient energy transfer between the ICP and aerosol in the 

presence of water [105].  

More recently, Flamigni et al. [106] monitored changes in 2D optical emission 

spectroscopy (OES) and quadrupole mass spectrometry (QMS) signals for sodium chloride and 

calcium chloride in “wet” vs “dry” conditions. In “dry” conditions, OES signals from the much 

less refractory sodium chloride peaked at axial positions upstream from calcium chloride. 

However, the two profiles merged in “wet” conditions where solvent was introduced with the LA 

aerosol. They proposed that a greater cooling of the central channel due to the water load, 

combined with better heat conduction in the presence of gaseous water, led to a steeper 
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temperature gradient at the point of vaporization. Due to the steeper temperature gradient, 

particles with different thermodynamic properties experience less variation in penetration depths. 

Such a merging of vaporization positions could account for the improvements previously 

reported using liquid standards despite clear differences in the vaporization patterns of SN 

droplets and “dry” LA aerosol [107].      

1.3.2 Helium vs argon 

LA is routinely performed in argon and/or helium atmospheres. Compared to argon, 

helium is lighter, has a higher ionization potential, lower ionization cross section, and higher 

thermal conductivity [86, 108]. Effects of the carrier gas for a given application are highly 

dependent on laser and sample properties. Generally, few changes in the ablation rates [109] or 

particle size distribution (PSD) of aerosol generated during 266 nm-ns-LA have been reported 

with changes in carrier gas composition [110-112]. Over the nanosecond laser pulse duration, the 

expanding plume of removed mass dominates the plasma environment. Consequently, effects 

such as plasma shielding are much less dependent on carrier gas properties than on pulse 

duration [113]. However, the extent to which carrier gas increases or decreases plasma shielding 

depends heavily on other instrument parameters such as fluence [114] and wavelength, etc. 

[115]. For example, reduced surface plasmas leading to greater transport efficiencies in helium, 

compared to argon, have been reported for 193 nm-ns-LA [112]. In this case, greater dispersion 

in the expanding aerosol plume in the presence of helium [85], compared to argon, reduced 

particle deposition associated with compression of the expansion plume [105]. Loss due to 

deposition not only leads to a decrease in instrument sensitivity [4], but can be a source of non-

stoichiometric effects. It is reasonable to assume that ablation characteristics of 266 nm-ns-LA 
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lead to results similar to that described for 193 nm above for certain samples under certain LA 

parameters [10].  

The effects of helium on ICP environment in SN-ICP-MS have been described [51]. 

Compared to argon, helium led to significantly higher Tgas. Similar reports for LA-ICP-MS have 

been published [99, 116]. Slightly higher sensitivities, over a larger range of gas flows, have 

been reported using helium [117]. Also, better detection efficiencies obtained in helium have 

been attributed to more efficient ion production and transmission in the ICP-MS [118]. Flamigni 

et al. [119] found that particles had greater velocities, described as an “expansion-driven 

acceleration” at mixtures of He/Ar over 50%. Wang et al. [120] reported wider radial profiles 

obtained when adding helium.  

1.3.3 Particle size effects 

For both metals [121-123] and glasses [124, 125], 266 nm-ns-LA is well known to 

produce aerosol of a broad PSD, ranging from 10 nm to 10 µm. Common techniques to measure 

PSDs include differential mobility analyzer (DMA), optical particle counter (OPC), and off-line 

imaging techniques such as scanning electron microscopy (SEM) [76]. Although DMA and OPC 

provide fast, on-line quantitative results, they both suffer from limitations, most notably an upper 

size limit around 1 µm [126]. The omission of micron-sized particles in many discussions may 

be significant given the number of micron-sized particles observed using SEM of impacted 

particles [111, 127]. Broad PSDs are problematic for ICP-MS for a number of reasons. First, 

broad PSDs commonly lead to decreased sensitivity due to particle-size-related sample loss 

during transport to the ICP or transmission through the interface. During transport to the ICP, 

deposition due to diffusion of low nanometer-sized particles and gravitational settling of micron-

sized particles may occur. Within the ICP, loss due to incompletely vaporizing particles has also 
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been well documented. The upper size limit of particles that will completely vaporize in the ICP 

depends on a number of instrument parameters (RF power, gas flow, sampling depth, etc.) and 

thermodynamic properties of the particle [128]. Not surprisingly, estimates have also varied. 

Kuhn et al. determined upper-size limits for completely vaporizing particles for glass to be 

between 90 nm and 150 nm [30]. Jackson et al. reported estimates from 250-500 nm [129].   

Though less studied, there has been evidence that local cooling in the plasma due to large 

particles, or other mass load related effects, lead to fractionation processes in the ICP [120, 130]. 

Increasing the plasma temperature with the use of higher RF power or He addition, may reduce 

the number of incompletely vaporizing particles, but will also lead to greater loss due to off-axis 

diffusion. Sample loss may lead to fractionation effects, which reduce accuracy. In cases where 

particle composition varies within the PSD [62, 107, 131-134], particle-size-related loss through 

either deposition during transport [107, 122] or vaporization in the ICP [129, 135], leads to non-

representative sampling. Additionally, mass-dependent off-axis diffusion in the ICP, or 

preferential vaporization, atomization, or ionization of less refractory elements are also possible 

sources of fractionation effects and error. Although significant progress has been made reducing 

sample loss during aerosol transport to the ICP, ensuring efficient, stoichiometric transmission of 

ions generated from aerosol of a broad PSD through the ICP interface remains a major obstacle 

in 266 nm-ns-LA-ICP-MS.     

1.3.4 Laser fluence  

Laser fluence is another instrument parameter that can significantly affect instrument 

performance. Fluence heavily influences fundamental mechanisms governing light-material 

interactions [136, 137] and plume expansion [114, 138].  As discussed in section 1.2.2., at laser 

fluences near the ablation threshold, thermal processes lead to selective vaporization [10]. 
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Therefore, fluences well above the ablation threshold are preferred [21, 102]. In fact, it has been 

shown that similar performance can be achieved at any wavelength if the fluence is optimized 

[25, 139].  There have been a number of indications that improvements at higher fluences are not 

related to changes in the PSD [102].  
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2 Fluorescence imaging of ion distributions in an inductively coupled plasma with laser 

ablation sample introduction  

This chapter has been published with minor modifications in Spectrochimica Acta Part B 
(http://dx.doi.org/10.1016/j.sab.2014.08.002) 

2.1 Introduction 

Ion transmission through the vacuum interface in LA-ICP-MS is a critical process that 

heavily influences instrument performance. For efficient, stoichiometric transmission through the 

interface, vaporization and particle formation should occur such that subsequent atomization and 

ionization processes form ions on axis in the NAZ, just upstream from the sampling cone [1-3]. 

Aerosol vaporization is largely a function of aerosol properties and the ICP environment. 

Instrument settings, including RF power, sampling distance, gas flow, etc. that regulate the ICP 

environment have been studied extensively and are commonly optimized to maximize ion 

transmission. Aerosol properties, mainly size, velocity, and thermodynamic properties, not only 

influence ion transmission, but also affect the ICP environment [4]. Furthermore, these effects 

vary widely with sample types. Consequently, experimentally determining an ideal setting for 

each sample to maximize ion transmission is both challenging and impractical [5]. Although a 

model that could reliably predict patterns in ion transmission for a given LA-ICP-MS application 

would eliminate the need to optimize instrumentation experimentally, significant gaps in current 

LA-ICP-MS theory exist. One such gap, an understanding of vaporization patterns in the ICP 

that are specific to LA generated aerosol, is the focal point of this work. 

Recent research in our lab, often utilizing LIF, has been focused on characterizing ion 

transmission through the vacuum interface of SN-ICP-MS instruments [2, 3, 6-10]. Because LIF 

is noninvasive, it is a powerful technique to directly probe analyte species just upstream and 

downstream from the interface. The LIF imaging experiments cited above have provided 
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valuable insights into ion transmission through the vacuum interface, complementing findings 

published by numerous other groups [5]. Although mechanisms controlling ICP processes and 

ion transmission in SN instruments should also control ICP processes in LA instruments, distinct 

differences in LA and SN systems motivate research characterizing ion transmission through the 

interface in LA-ICP-MS instruments. Among these are significant differences in the aerosol 

produced: the aerosol produced in LA is dry, and the particles LA produces present a much 

broader distribution of size, morphology, and composition than do most aerosols produced by 

SN. Water added to the carrier gas downstream from the ablation cell has led to improvements in 

the analytical performance in LA-ICP-MS [11-13]. These improvements have been attributed to 

steeper temperature gradients in the ICP that result from improved energy coupling of the RF 

field in the presence of gaseous water [14].  Conversely, broader distributions of particle sizes 

produced during LA, ranging anywhere from 10 nm to 10 µm [15], are considered to be a major 

detriment to LA-ICP-MS performance. Difficulties in ensuring efficient transmission of ions 

formed from particles of different sizes, which experience very different penetration depths in 

the ICP, remain a major source of error in LA-ICP-MS.   

Aerosols produced by UV-ns-LA systems are especially prone to size-related effects during 

vaporization. Research characterizing aerosol particles produced from metals [16, 17] and glass 

[18, 19] with these systems have been reported. Although particles in the range of 100-300 nm 

predominate both cases, large particles produced by melt splashing contribute to a much greater 

percentage of aerosol volume in metals than is the case with glasses [20]. Laser fluence plays a 

major role in the ablation process for both metals and glasses. In general, at greater fluence, 

ablation rates increase, leading to a greater number of aerosol particles. Decreasing fluence 

generally leads to a decrease in large particles [21, 22]. Advantages in the analytical performance 
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of LA-ICP-MS resulting from the addition of helium to the carrier gas are well documented. 

Improvements to sensitivity, accuracy, and precision have been reported and are generally 

attributed to improved energy transfer at the ablation site, leading to less particle deposition, an 

increase in the fraction of small particles transported to the ICP [11, 23], and improvements in 

the ionization efficiency of the ICP [24]. Carrier gas flow rates not only significantly alter gas 

temperatures in the central channel of the ICP, but there are also some indications that they 

influence aerosol production and transport [22]. Given the broad distributions of particle sizes, 

diverse morphologies, and varied compositions of aerosols produced during LA, optimizing the 

carrier gas flow rates to maximize ion transmission efficiency presents a serious challenge [25].   

In the work presented here we examine the effects of LA parameters on aerosol formation 

indirectly by imaging distributions of analyte ions in an ICP in the region between the load coil 

and the sampling cone.  This study complements work published by the Günther group, in which 

they mapped ions in the plasma by moving the plasma with respect to the sampling cone [26].  

They were able to look at a wide range of elements, but with limited spatial resolution.  Their 

results were also affected by the fact that each spatial point was sampled from a slightly different 

plasma, affected by changes in the relative positions of the torch and the sampling cone.  In the 

current work, we examine only three elements, but with the benefit of a measurement technique 

that is essentially noninvasive, and which simultaneously maps the entire region between the 

load coil and the sampling cone with 23-μm spatial resolution. 

2.2 Experimental 

2.2.1 Sample 

For the SN experiments, 50 mg L-1 solutions of Ba, Ca (J.T. Baker Chemical Co., 

Phillipsburg, NJ), and Sc (Fluka Analytical, St. Louis, Mo) were prepared from 1000 mg L-1 
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stock solution of barium nitrate, calcium nitrate, and scandium nitrate, respectively, dissolved in 

2% v/v nitric acid. BaF2 windows (Laser Optex, Beijing, China) and CaF2 windows (Exuberance 

Opto-electronics Technology Co,.Ltd, Beijing, China) were purchased and used for the LA 

experiments. A scandium-aluminum alloy (2% wt/wt) sample was provided by AMG Aluminum 

(Robards, KY) and used for the LA studies.    

2.2.2 ICP 

All experiments were performed on a commercial ICP-MS (RedTop, Varian, Mulgrave, 

Australia) instrument, extensively modified to accommodate the imaging optics. To allow space 

for LIF imaging the RF box, gas box, nebulizer, spray chamber, and igniter assembly were 

removed from the instrument and mounted to aluminum plates bolted to a steel A-frame. 

Solutions were introduced into a concentric nebulizer (AR30-1-FM04, Glass Expansion, West 

Melbourne, Australia) at a flow rate of 1 ml min−1.  A Scott-type spray chamber was used at 

room temperature. A standard one-piece, low-flow quartz torch, 2.0 mm ID injector, (800-34, 

Precision Glassblowing of Colorado, Centennial, CO) was custom cut so that the torch ended 2 

mm downstream from the load coil. The torch was shortened to prevent it from optically 

interfering with the LIF.  The position of the torch with respect to the load coil was not altered 

from the manufacturer’s settings.  A nickel sampling cone (VG-1001-Ni, Spectron, Ventura, CA) 

was mounted on a lab-constructed, water-cooled flange, which was in turn mounted to a vacuum 

chamber. Two roughing pumps (Trivac D30A, Leybold, Export, PA) were used to create a 

vacuum of 1.0 Torr within the vacuum chamber, which mimicked the first vacuum stage of a 

working ICP-MS. Because the quadrupole mass spectrometer (QMS) was not used in this 

experiment, it and many components related to it were removed completely. A chiller 

(Thermoflex3500, Fisher Scientific, Hampton, NH) was used to cool the instrument. For all the 
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experiments, the RF power was 1300 W, the sampling depth (load coil to sampling cone) was 12 

mm, and plasma, auxiliary, and sheath gas were 16.0, 2.0, and 0.2 L min˗1, respectively. The 

sheath gas is a flow of argon that is added to the nebulizer gas flow in a transfer tube between the 

exit of the spray chamber and the base of the injector tube. 

2.2.3 Laser ablation 

A pulsed Brilliant B Nd:YAG laser (Quantel, Bozeman, MT) was used for the laser ablation 

experiments. The output beam was 0.5 cm in diameter and averaged 40 mJ per pulse at factory 

settings. A high energy variable attenuator (990-0070, Eksma, Vilnius, Lithuania) was used to 

attenuate the output energy. The knob controlling the angle on the 4ω crystal was also used to 

adjust output energy. No significant change in the 4-5 ns pulse width or beam shape was 

observed over the range adjusted. Overall, a range of 0.5 to 40 mJ per pulse was obtained. A high 

energy mirror was used to reflect the attenuated beam towards a fused silica singlet focusing lens 

(f=128.9mm at 266 nm) mounted above the sealed ablation cell. A cylindrical ablation cell with 

a volume of roughly 100 cm3, pictured in Fig. 2.1, was mounted to an XYZ stage that was 

controlled by 3 microstepping drivers (OEM 750, Parker Hannifin, Cleveland, OH) controlled by 

an ACR9000 (Parker Hannifin) control box for rastering capabilities. The laser was fired at 10 

Hz and rastered at 0.1 mm s-1. This yielded a steady state of aerosol production with only minor 

fluctuations based on the ablation position. The laser focal points were adjusted to produce crater 

diameters of 150 µm on scandium-aluminum alloy samples and 90 µm on the CaF2 and BaF2 

windows. Also, a thin strip of anodized aluminum attached to a rotary solenoid was used as a 

shutter to stop ablation without having to disable the laser flashlamp. The LA system was 

controlled through LabView (National Instruments, Austin, TX). The original gas box that 

accompanied the Varian ICP-MS was used to control the Ar gas flow supply to the ablation cell. 
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A separate mass flow controller (5850, Brooks Instruments, Hatfield, PA) was used to control 

the He gas flow, which was mixed with the Ar upstream from the ablation chamber using a 

swage T-connector. A 7-mm I.D. tube exiting the ablation cell carried the ablated aerosol to the 

sheath torch connector of the ICP. 

 

Figure 2.1 Top left: General overview of the instrumental setup. Top right: Images of the LA system 
developed for this work. Bottom left: An image of the modifications to the Varian ICP-MS. Bottom right: 
An image illustrating the orientation of the planar sheet used for LIF. 

2.2.4 Laser induced fluorescence 

A XeCl excimer laser (LPX 110, Lambda-Physik, Göttingen, Germany) was used to pump a 

dye laser (Scanmate 2, Lambda-Physik) tuned to a transition line for the ion being studied. The 

fluorescence schemes for each ion are presented in Table 2.1.  The dye laser energy was adjusted 
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with a variable attenuator (M 935 10, Newport, Irvine, CA) to slightly above the value required 

to saturate the transition, ensuring a maximum, stable fluorescence signal with minimum 

interference from scattered radiation. The output from the attenuator was passed through an 

optical fiber, then recollimated with a fused silica plano-convex singlet lens. A prism was then 

used to direct the collimated light vertically upwards towards the plasma. A plano-convex 

cylindrical fused silica lens focused the collimated light into a sheet with a focal line that 

coincided with the line connecting the center of the torch injector with the center of the sampling 

cone. A mask, equipped with an adjustable iris, mounted above the cylindrical lens, was used to 

prevent the planar excitation light from scattering off of the torch or sampling cone. A beam 

dump was mounted above the ICP to prevent scattering off the RF box. The excitation sheet was 

10 mm wide and extended from the end of the torch to less than 0.1 mm in front of the sampling 

cone.    

A gated iCCD (7361-0001, Princeton Instruments, Trenton, NJ), triggered by a photodiode 

(DET210, Thorlabs, Newton, NJ) in the dye laser box, was mounted perpendicular to the plane 

of the excitation sheet. Twin 100 mm focal length achromatic doublets (AC254-100-A, 

Thorlabs) were used to focus the fluorescence onto the iCCD with unit magnification. An 

interference filter was placed between the achromatic doublets to isolate the desired fluorescence 

light. The CCD gain and number of exposures were adjusted to produce acceptable signal levels 

within a reasonable exposure time. The optimal exposure settings were different for images taken 

during SN and LA and varied between elements. However, exposure settings were held constant 

while imaging a given element during SN or LA at different carrier gas flow rates (including the 

He addition) or laser fluences. Finally, for each image, a background image was taken, 
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immediately before or after the fluorescence image to subtract the emission signal. Fig. 2.1 

shows the general setup of the instrumentation. 

2.2.5 Image processing 

Using Winview software, (Princeton Instruments, Trenton, NJ), background images were 

subtracted from the corresponding fluorescence images. Background-subtracted images were 

converted to ASCII format and processed with Matlab. The signal intensities for the various 

carrier gas flow rates were normalized to the flow rate with the greatest signal. The intensity 

scales for the SN and LA, and those for the different elements are different, and thus not directly 

comparable.  Note that in the axial cross sections, the intensities are reliable only between 2 mm 

and 12 mm downstream from the load coil, the region that was fully illuminated by the 10-mm-

wide laser sheet.  Matlab was also used to plot the various cross sections and calculate FWHM 

values. Unless stated otherwise, radial cross sections were plotted at axial positions where the 

signal intensity was greatest. Defining the radial profile this way allows direct comparison of the 

radial distributions at different nebulizer gas flow rates.   

 

 

 

 

 

 

 

Table 2.1
Fluorescence scheme
Analyte Excitation Fluorescence Filter Dye Gate width : delay
Ba II 455.404 nm 614.172 nm 614.2 nm (1 nm bp) Coumarin 460 60 ns : 35 ns
Ca II 393.366 nm 854.21 nm 854.3 nm (1.1 nm bp) PBBO 60 ns : 28 ns
Sc II 358.09 nm 432.50 nm 432.50 nm (1 mm bp) DMQ 65 ns : 35 ns
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2.3 Results and discussion 

2.3.1 Scandium 

2.3.1.1 Solution nebulization vs. laser ablation 

 

 

Figure 2.2 Images of Sc ions obtained using planar LIF. Flow rates on the far left indicate the flow for 
column 1-3. The flow rates to the left of the He images, column 4, represent additions of He to a constant 
flow rate of 0.7 L mn-1 Ar. Each image is oriented similarly with the load coil out of the image to the left 
and the sampling cone just protruding into the right side. 

High resolution images of Sc ion densities in an ICP, obtained during SN and LA (at 28 J 

cm-2 and 60 J cm-2) at varying flow rates, are presented in Fig. 2.2. These images provide direct 

observation of ion densities that form in the ICP subsequent to LA. Differences between the 

images obtained during LA and SN can be understood in terms of fundamental differences in the 

N
eb

ul
iz

er
 G

as
 F

lo
w

 R
at

e,
 L

 m
in

-1

0.8

0 MAX

1.5

0.9

1.0

1.1

1.3

1.2

1.4

0.0

0.8

1.2

1.6

2.0

0.4

10 mm

SN LA 28 J cm-2 He* 18 J cm-2LA 60 J cm-2

29 
 



www.manaraa.com

aerosol properties and their complex interactions with ICP environment. As discussed 

previously, when compared to SN, aerosol generated during LA lacks solvent, leading to 

significantly less mass loading in the ICP (several 100 µg s-1 during SN and only several 10 ng  

s-1 during LA) [26], and representing a much broader range of sizes, shapes, and morphologies. 

Ablation patterns of metals have been described in a number of papers [27, 28]. Aerosols 

produced during LA of Al-based alloys have been described as consisting of irregularly shaped 

individual particles, clusters, and hard-agglomerates (clusters melted together) [16]. An ablation 

rate of 1.04 µm per pulse at 23 J cm-2 and significant crater chimney formation has also been 

reported [29]. As expected, significant differences can be seen qualitatively in the spatial profiles 

of Sc ions obtained during SN and LA. The differences will be discussed in terms of the axial 

and radial distribution of ion densities. 

2.3.1.2 Axial profiles 

To support the images in Fig. 2.2, axial cross sections, extracted from the center axes of the 

images, are provided in Fig. 2.3. As seen in both figures, aerosol produced during LA led to peak 

Sc ion fluorescence signals much farther upstream for a given nebulizer gas flow rate when 

compared to SN. This observation is not unexpected. The desolvation process, required for 

solvent-rich aerosol droplets produced during SN, delays atomization and ionization when 

compared to “dry” aerosol produced during LA [30].  Indeed, during LA, an addition of roughly 

0.4 L min-1 is required to shift ionization to the downstream positions of SN. It is possible that 

local cooling effects associated with the desolvation of large aerosol droplets entrained to the 

ICP during SN are a contributing factor. However, since gas temperatures in the central channel 

of the ICP, which largely dictate the axial position that vaporization begins, are essentially 

independent of sample properties, any contribution from such cooling effects would be minor 
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[31]. In addition to being shifted upstream relative to the SN profiles, the LA profiles rise more 

gradually. The change in the profile shape could be a reflection of reduced oxide formation 

during LA [32-34], or it could be due to a shift in the particle size distribution to favor smaller 

particles.  

 

Figure 2.3 Cross-sectional plots of the axial distribution of Sc ions along the center axis taken during (a) 
SN, (b) LA at 28 J cm-2, (c) LA at 60 J cm-2, and (d) LA at 28 J cm-2 with added He. Flow rates for (a), 
(b), and (c) are labeled as follows: (__o__) 0.8 L min-1, (__

 
 __) 0.9 L min-1, (__+__) 1.0 L min-1, (__□__) 1.1 L 

min-1, (____) 1.2 L min-1, (__
◊

__) 1.3 L min-1, (__o__) 1.4 L min-1, and (__
►

__) 1.5 L min-1. Increments of 0.4 L 
min-1 He were added to a constant flow of 0.7 L min-1 Ar. He additions plotted in (d) are labeled as 
follows: (__

◊
__) 0.8 L min˗1, (__

 
 __) 1.2 L min-1, (__+__) 1.6 L min-1, and (____) 2.0 L min-1. 
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2.3.1.3 Radial ion distributions 

A significant difference between the radial distributions of ions produced during SN and LA 

was observed. Most apparent at low fluence, the radial profiles of ions were narrower with LA 

sample introduction than they were with SN.  FWHM values were calculated from radial cross 

sections at axial positions of peak fluorescence intensities for each flow rate and are plotted in 

Fig. 2.4 for both SN and LA. It should be noted that due to differences in the axial profiles, the 

FWHM calculated for LA represents a position much farther upstream than SN. Another way to 

look at the data is to compare FWHM values at flow rates that give comparable axial profiles. 

The closest matches are at flows of 0.8 and 1.1, 0.9 and 1.3, and 1.1 and 1.5 L min-1, for SN and 

LA, respectively.   Either way  of looking at the data makes it clear that SN leads to greater radial 

spreads in ion densities than  LA. The broad profiles for LA at low flow rates are due to the fact 

that the peak ion densities are upstream from the imaged region and the observed images are 

broadened by diffusion. The sharp decrease in FWHM observed during SN at 1.1 L min-1, 

presumably caused by “pinching” of off-axis gas being drawn into the sampling cone, was not 

observed during LA at high fluence and only moderately at low fluence. A number of 

mechanisms could be contributing to the difference in radial profiles observed here.  

Our observations appear at first glance to be consistent with results recently reported by 

Flamigni, et al. [14].  They observed narrower radial neutral atom emission profiles for dry LA 

aerosols than for LA aerosols to which water had been added. They proposed that more-efficient 

coupling of the RF field due to the presence of gaseous water led to a steeper temperature 

gradient that promoted greater diffusion.  However, as will be noted in section 2.3.1.4, the 

addition of water to a LA aerosol did not significantly broaden the radial fluorescence profiles, 

suggesting that differences between SN and LA other than the presence of water are affecting the 
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radial distributions. Differences in the flow profiles of aerosol particles produced by SN and LA 

in the transport tube leading to the ICP might be a contributing mechanism. Gas velocities in the 

laminar flow through the transport tube are greatest in the center and zero at the wall. The 

densities of aerosol particles across the cross section of the transfer tube have been shown to be 

inhomogeneous under certain conditions [21, 35-37]. Variations in radial distributions of 

particles in the transport tube between LA and SN could lead to differences in the radial profiles 

observed in the ICP. Coulomb fission of aerosol droplets, occurring during transport or 

desolvation, may give rise to greater radial dispersion of SN aerosol [38]. Finally, differences in 

flow patterns within the ICP are another possibility [39, 40]. Contributions from mechanisms 

discussed above are speculative at this point. More work is needed to characterize actual 

contributions from these source and the implications on ion transmission through the MS 

interface. 

 

Figure 2.4 FWHM values calculated from radial cross sections at each flow rate for Sc ions recorded 
during (__

+
__) SN, (__o__) LA at 28 J cm-2, and (____) LA at  60 J cm-2. 
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2.3.1.4 Solvent 

To investigate the influence of water vapor on the ion profile, sample transport tubing was 

configured using a Y connector to introduce water vapor produced from the pneumatic nebulizer 

system into the aerosol transport tube of the ablation system just upstream from the sheath gas 

connector. A total flow of 1.0 L min-1 Ar, split equally between the ablation cell and nebulizer, 

was kept constant throughout the experiments. Fig. 2.5 presents images obtained at various 

conditions. Image (I) in Fig. 2.5, was obtained while aspirating a 50 ppm solution with the LA 

shutter closed (no LA aerosol present). Fig. 2.5 (II) and (IV), were obtained while introducing 

“dry” aerosol (no nitric acid was aspirated) generated by LA at 28 and 60 J cm-2, respectively. 

Fig. 2.5 (III) and (V) were obtained while introducing “wet” aerosol (nitric acid was aspirated) 

generated by LA at 28 and 60 J cm-2, respectively. Fig. 2.6 shows axial and radial cross sections 

of the images in Fig. 2.5. Note that in both figures, the scales on the individual images and traces 

were normalized to maximum values to facilitate comparisons of shapes.  The SN peak intensity 

was five times that for LA.  There were no significant intensity differences between the wet and 

dry aerosols.  Data in Figs. 2.5 and 2.6 lead to some interesting conclusions.  Clearly, the 

individual flows through the pneumatic nebulizer or the flow through the laser ablation chamber 

combine with the total flow through the torch injector tube to influence the distribution of ions in 

an ICP.  For example, none of the traces in Fig. 2.6 matches either of the traces in Fig. 2.3 

obtained at a central channel flow of 1 L min-1. With only half of the total flow passing through 

each of the aerosol production sources, the ion distributions are much more similar than is the 

case when the total flow is directed through either source individually.  It is possible that the 

additional tubing and the Y connector required for this experiment act as a particle size filter that 

makes the two aerosol sources more similar than they are if they are connected individually in 
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their normal configurations.  Perhaps the most significant result is the small effect that added 

water has on the LA aerosol.  The addition of water causes only a slight downstream shift in the 

axial profiles, and the effect on the radial profiles and peak intensities is negligible. Given the 

changes reported in ref. 14, it is unclear why similar effects were not observed here. 

 

Figure 2.5 LIF images showing the influence of solvent on Sc ion densities in the ICP. In each image, 1.0 
L mn-1 of Ar was split equally between the LA and SN systems. Image (I) was obtained while aspirating 
50 ppm Sc without LA aerosol. Images (II) and (III) were obtained during LA at 28 J cm-2 without and 
with aspirating 2% nitric acid, respectively. Images (IV) and (V) were identical to (II) and (III) but 
performed at 60 J cm˗2. Due to the significant difference in the signal intensities of each image, the color 
scales for each image are different. 
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Figure 2.6 Axial (a) and radial (b) cross sections of images I, II, and II in Fig. 2.5, labeled as follows: 
(__

+
__) 50 ppm Sc, (__o__) dry and: (__

◊
__) wet aerosol produced during LA at 28 J cm-2. Axial (c) and radial 

(d) cross sections of images I, IV, and V in Fig. 5, labeled as follows: (__
+

__) 50 ppm Sc, (____) dry and 
(__□__) wet aerosol produced during LA at 60 J cm-2.  

2.3.1.5 Laser fluence 

Images in Fig. 2.7a were obtained at various fluences for two different Ar gas flow rates, 1.2 

(left) and 1.3 L min-1 (right). Raw and normalized axial cross sections of the images obtained at 

1.3 L min-1 are presented in Fig. 2.7b and 2.7c, respectively. FWHM values are plotted as a 

function of fluence and are presented in Fig. 2.7d. As seen in these images, increasing fluence 

led to a significant increase in the number of ions formed in the ICP, a downstream shift in the 

axial position of peak ion fluorescence, and an increase in the width of the radial distribution of 
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ions. These results are consistent with the initial differences observed between images obtained 

during LA at 28 and 60 J cm-2. It has been reported that increasing laser fluence leads to greater 

ablation rates [27], an overall greater number of aerosol particles, and, in some cases, an increase 

in the fraction of large particles [16]. The significant increase in the fluorescence signal observed 

at greater fluence certainly reflects more particles produced at greater ablation rates. Moreover, a 

shift in the ablation mechanism from surface vaporization to phase explosion at fluences greater 

than 7 J cm-2 leads to a sharp increase in ablation rates [27].  Such a shift could account for the 

sharp increase in the signal intensity observed between 12 to 28 J cm-2, presented quantitatively 

in the axial profiles presented in 2.7b.  

Inspection of the normalized axial profiles presented in Fig. 2.7c reveals that increasing 

fluence shifts the axial position of peak fluorescence downstream and leads to a more gradual 

decline in the downstream end of fluorescence peak. An increase in the fraction of large particles 

would account for both observations. However, greater mass loads associated with an increase in 

the overall number of particles, regardless of changes in the size distribution, could lead to 

cooling effects that also might account for the observations. It is unclear at this point which 

mechanism is more pertinent.  

As seen qualitatively in Fig. 2.7a and quantitatively in Fig. 2.7d, increasing fluence led to a 

significant increase in the widths of radial distributions of ions formed in the ICP. It is unlikely 

that changes in ICP environment, such as local cooling associated with an increased fraction of 

large particles, or greater mass loads contribute to this effect. Rather, it suggests that changes in 

the aerosol properties or flow patterns are leading to the changes in the radial profiles observed. 

It is possible that micron-sized agglomerates, preferentially formed at greater fluence, undergo 

vaporization mechanisms that lead to wider radial distributions.   
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Figure 2.7 (a) Images of Sc ion densities obtained at various fluences during ablation with Ar flow 
rates of 1.2 L mn-1 (left) and 1.3 L mn-1 (right). (b) and (c) axial cross sections of the images obtained at 
1.3 L min-1 presented in Fig. 7a.  The profiles in (c) have been scaled to their maximum value to facilitate 
comparisons of the shapes and positions of the curves. The legends are as follows: (__o__)  60 J cm-2, (__

 
 __) 

130 J cm-2, (__
◊
__) 360 J cm-2, (____) 540 J cm-2. (__

+
__) SN at 0.9 L min-1, included for comparison. (d) 

FWHM calculated from the radial cross sections at each fluence during ablation with an Ar flow rate of 
1.3 L min-1. 
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2.3.1.6 Helium addition 

The addition of He to the carrier gas significantly affects the ablation event, transport to the 

ICP, and conditions in the plasma [27, 41-43].  Helium could also change ion transport efficiency 

through the vacuum interface of the ICP-MS, although to our knowledge the effects of plasma 

gas composition on ion transport efficiency in the vacuum interface have not been studied.  The 

presence of He during ablation leads to a greater fraction of smaller aerosol particles than is 

produced in pure Ar [44].  Also, because He is lighter than Ar, larger particles that do form are 

less likely to be transported to the ICP. The overall effect is fewer large particles that can lead to 

signal spikes [45, 46]. However, because the severity of these effects depends on a variety of 

factors, including laser pulse duration, wavelength, ablation cell design, and sample type [44], 

fundamental studies of He/Ar mixtures can lead to conflicting results. The addition of He also 

significantly affects ICP environment, increasing gas-kinetic temperatures of the central channel 

and diffusion rates. The changes with the addition of He are attributed to its high thermal 

conductivity and low mass [1, 47-48]. The addition of He to the carrier gas should lead to aerosol 

vaporization lower in the plasma as well as increased diffusion, and such changes have been 

observed experimentally [26].  

Consistent with the observations noted above, the addition of He to the carrier gas in our 

experiments led to aerosol vaporization much lower in the plasma than equivalent total flow rates 

of pure Ar. As seen in Fig. 2.2 and 2.3d, Sc ion densities do not reach their maximum near the 

sampling cone until 2.0 L min-1 He has been added, making a total flow rate of 2.7 L min-1. This 

observation suggests increasing gas temperatures caused by the addition of He more than 

compensate for cooling associated with increasing gas flow rates. A significant reduction in the 

number of large particles produced or transported with He addition would also contribute to the 
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upstream shift in vaporization observed. Reduced local cooling, associated with large particles 

vaporizing in the ICP, would enhance the upstream shift in small and medium sized particle 

vaporization [31].  

Not all changes observed in the ion densities associated with the use of He were expected. 

Increased sensitivities are typically associated with the addition of He to the ablation cell.  

Improvements in sensitivity have been attributed to greater transport efficiencies of aerosol 

particles from the ablation cell to the ICP [49]. Our signal intensities obtained with added He 

were significantly lower than signals obtained during LA at 28 J cm-2 using Ar only. Consistent 

with our observations, other groups have reported sensitivity decreases associated with He 

addition [50]. The decrease in sensitivity was attributed to a reduction in the number of medium 

sized particles in the aerosol.  A key point in reconciling our observations that He reduces 

fluorescence intensity with reports that He addition improves ICP-MS sensitivity is recognition 

that different quantities are being measured.  We are measuring ion densities in the plasma and 

other investigators are measuring ion counts in mass spectrometers.  It is entirely possible that 

ion transport through the vacuum interface improves with the addition of helium, and that lower 

ion densities in the plasma could still lead to higher mass spectrometric signals.  For example, 

gas velocities in the first stage of the vacuum interface are inversely proportional to the square 

root of mass [51], and analyte ions move at the speed of the bulk gas flow [52].  Because of the 

higher gas speeds and reduced residence time in the first vacuum stage, analyte losses to ion-

electron recombination should be lower in He than in Ar [53].  There are analyte losses due to 

scattering in shocks at the tip of the skimmer cone [54], and one would expect those losses to be 

lower in He than in Ar.  Finally, it is possible that non-ideal beam behavior caused by space 

charge effects would be less severe in a He ion beam than in an Ar ion beam. 
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We have considered and rejected the possibility that reduction in fluorescence intensity with 

the addition of He was due to a reduction in fluorescence quantum efficiency rather than a 

reduction in analyte ion density.  Quenching of excited atoms by noble gases is inefficient.  

Detailed quenching cross sections are not available, but using published upper limits for 

analogous transitions in potassium atoms [55], we estimate that the collisional quenching rates in 

He at 5500 K are approximately 2 x 105 s-1, orders of magnitude less than the radiative rates for 

the transitions used in the fluorescence measurements. 

2.3.2 Calcium   

2.3.2.1 Solution nebulization vs. laser ablation 

Silicate reference materials are commonly used as calibration standards and have 

consequently been used as samples in numerous fundamental studies. Because these materials 

exhibit ablation patterns markedly different than metals, comparing results from glasses with 

those reported above for the aluminum alloy would be desirable [29]. Glasses with 

concentrations of elements that could be effectively imaged by LIF were not available, so we 

chose crystalline optical windows as a substitute.  CaF2, which we used to generate Ca images, 

has shown ablation patterns similar to silicate materials [23].  
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Figure 2.8 LIF images of Ca ions obtained using planar LIF. The orientation of each image and patterns 
of gas flow are identical to those described previously for Sc in Fig. 2.2. 
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Figure 2.9 Cross-sectional plots of the axial distribution of Ca ions along the center axis taken during (a) 
SN, (b) LA at 18 J cm-2 (c) LA at 18 J cm-2 with added He. Flow rates for (a) and (b) are labeled as 
follows: (__o__) 0.8 L min-1, (__

 
 __) 0.9 L min-1, (__

+
__) 1.0 L min-1, (__□__) 1.1 L min-1, (____) 1.2 L min-1, 

(__
◊

__) 1.3 L min-1, (__o__) 1.4 L min-1, and (__
►

__) 1.5 L min-1. Increments of 0.4 L min-1 He were added to 
a constant flow of 0.7 L min-1 Ar. He additions plotted in (c) are labeled as follows: (__

◊
__) 0.8 L min˗1,   

(__
 
 __) 1.2 L min-1, (__

+
__) 1.6 L min-1, and (____) 2.0 L min-1. Also, FWHM calculated from radial cross 

sections at each flow rate for (__
+

__) SN and (__o__) LA with Ar at 18 J cm-2 are plotted in (d). 

2.3.2.2 Axial profiles 

Images of Ca ions, obtained during SN, LA at 18 J cm-2, and LA 18 J cm-2 with added He are 

presented in Fig. 2.8. Axial cross sections similar to those described for Sc in section 2.3.1.2 

above are plotted in Fig. 2.9. Differences between SN and LA followed the same general trend 

seen with Sc: aerosol produced during LA leading to significant ions densities formed lower in 

the ICP, spread over a greater axial distance, and restricted to a narrower radial distance. When 
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compared to Sc, the increase in the length of the axial profile during LA, relative to SN, was 

more pronounced in Ca, especially on the upstream section of the profile. This is consistent with 

greater ablation rates reported for CaF2, 2.0 μm per pulse compared to 1.04 µm per pulse for Al 

[18, 29]. An increase in the number density of particles produced during the ablation event leads 

to more collisions between those particles and the formation of large “cotton like” soft 

agglomerations [23]. These large agglomerations could account for the increased length in the 

axial profile for Ca. SN also led to ion densities distributed over a larger axial distance for Ca 

when compared to SN of Sc, indicating that, in addition to the particle size distribution, the 

identity of the analyte affects the distribution of ions in the ICP. As was the case with Sc, LA of 

CaF2 led to much narrower Ca ion radial distributions than SN, illustrated in Fig. 2.9d. 

2.3.2.3 Fluence 

Images of Ca ions, taken during LA at fluences of 60, 130, 360, and 540 J cm-2, are 

presented in Fig. 2.10a at nebulizer gas flow rates of 1.1 L min-1 (left) and 1.3 L min-1 (right). 

This figure covers a range over much higher fluences than evaluated with Sc. Axial and radial 

cross sections, and their calculated FWHM, for the images obtained at 1.3 L min-1 are presented 

in Fig. 2.10b, 2.10c, and 2.10d, respectively. As with metals, increasing fluence led to increasing 

ablation rates, a greater number of particles, and the formation of larger agglomerates [29]. 

Changes in the Ca ion distributions associated with increasing fluence followed trends similar to 

those observed with Sc ions.   
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Figure 2.10 (a) Images of Ca ion densities obtained at various fluences during ablation with Ar gas flow 
rates of 1.1 L min-1 (left) and 1.3 L min-1 (right).  (b) Axial and (c) radial cross sections of the images 
obtained at 1.3 L min-1 presented in Fig. 2.10a. The legends are as follows: (__o__)  60 J cm-2, (__

 
 __)130 J 

cm-2, (__
◊

__) 360 J cm-2, (____) 540 J cm-2. (__
+

__) SN at 0.9 L min-1, included for comparison. (d) FWHM 
calculated from the radial cross sections at each fluence during ablation with Ar flow rates of (__□__) 1.1 L 
min-1   and  (__

◊
__) 1.3 L min-1. 

2.3.2.4 Helium addition 

Results obtained during LA with He addition during LA of the CaF2 windows were very 

similar to those presented for Sc in Fig. 2.2. Although He addition led to significant signal 

supression for both Sc and Ca, the effect was slightly less pronounced with Ca. Also notable is 

the axial profile, plotted in Fig. 2.9c, produced when 2.0 L min-1 He was added to 0.7 L min-1 Ar. 

Unlike ion profiles produced during LA in pure Ar, which have a definite peak fluorescence 
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signal, the signal produced here plateaus over roughly 5 mm. It is unclear whether changes in the 

size distribution of aerosols entering the ICP or changes in ICP conditions are producing this 

effect. Such a plateauing effect could, in part, account for improvements in accuracy that have 

observed when adding He to the carrier gas. This effect was less pronounced when the ablation 

target was the Al-Sc alloy. However, transport losses in He depend on particle size distributions, 

and the distributions for the Sc-containing Al alloy should be significantly different than those 

for the crystalline CaF2.   

2.3.3 Barium  

BaF2 and CaF2 have very similar optical and mechanical properties. Not surprisingly, images 

of Ba ions obtained during SN, LA at 18 J cm-2, and LA 18 J cm-2 with He addition, presented in 

Fig. 2.11 are remarkably similar to those of Ca ions presented in section 2.3.2 above. The 

differences in ionization potentials and atomic masses between Ba and Ca do not significantly 

affect the results.  
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Figure 2.11 Images of Ba ions obtained using planar LIF. The orientation of each image and patterns of 
gas flow are identical to those described previously for Sc in Fig. 2.2. 

2.3.3.1 Additional studies with helium 

To further address the effects of He on analyte ion distributions, incremental amounts of He 

were added to 1.0 and 1.3 L min-1 Ar. Whereas previously described additions of He to 0.7 L 

min-1 often led to ion formation upstream from the imaging region, addition of He to 1.0 and 1.3 

L min-1 Ar enabled direct comparison of ion profiles within the imaging region. The images 

obtained during the addition of various flows of He to 1.0 and 1.3 L min-1 Ar are presented in 

Fig. 2.12a. Axial cross sections of each image obtained at 1.0 and 1.3 L min-1 Ar are plotted in 

Fig. 2.12b and 2.12c, respectively. As expected, the addition of increasing amounts of He shifts 
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the ion profile downstream. These data reemphasize the point made earlier that, when it comes to 

setting the axial position of the ion density maximum, argon and helium flows are not equivalent, 

and that the total flow required to achieve optimum ICP-MS sensitivity depends strongly on the 

composition of the nebulizer gas.  

The dependence of optimum flow rate on central gas composition complicates the 

comparison of ICP-MS sensitivities.  Lacking a mass analyzer on our instrument, we selected 

combinations of Ar and He that produced maximum ion densities 2-3 mm upstream from the 

sampling cone.  The results are presented in Fig. 2.13a.  Clearly the pure Ar gives the highest 

peak ion density, and the peak value decreases as percentage of He increases. The axial 

distributions for the five flow combinations are similar, as shown in Fig 2.13b.  Increasing 

amounts of He cause radial broadening, as shown in Fig. 2.13c.       
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Figure 2.12 (a) Images of Ba ion densities obtained with incremental additions of He to 1.0 L min-1 and 
1.3 L min-1 of Ar. (b) and (c) axial cross sections of the images obtained at 1.0 L min-1 and 1.3 L min-1 of 
Ar, respectively. The legends for the helium flows in the axial plots match the values in the images from 
top to bottom in the order: (__□__), (__o__), (__

◊
__), (__

 
 __), (__

+
__), (____). The vertical scales in plots (b) and 

(c) are scaled to the maximum value in each set of curves. 
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Figure 2.13 (a) Images of Ba ion densities obtained with various combinations of Ar and He flow rates.  
For each argon flow rate, the He flow rate was adjusted to give the maximum fluorescence intensity hear 
the sampling cone. (b) axial and (c) radial cross sections of the images in Fig. 14a, respectively. The 
intensity for each cross section is scaled to its maximum value to facilitate comparison of shapes.  The 
Ar:He flow rates in the plots are: (__o__) 0.7:2.0 L min-1, (__

◊
__) 0.9:1.8 L min-1 , (__

 
 __), 1.1:1.2 L min-1, 

(__
+

__) 1.3:0.6 L min-1, and (____) 1.5:0.0 L min-1. 

2.4 Conclusions 

Significant differences in the spatial profiles of ion densities of aerosol produced during SN 

and LA were observed. When compared to SN, aerosol produced during LA led to ions formed 
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farther upstream in the plasma, with broader axial distributions and narrower radial distributions. 

These differences reflect fundamental differences between the aerosols and their complex 

interactions with the ICP. Delayed ion formation, observed with SN aerosol, was attributed to the 

rate-limited desolvation of droplets from the nebulizer. In preliminary experiments, solvent 

added independent of the analyte had very little effect of the ion profile beyond shifting it 

slightly downstream. Images were inspected for evidence of any size effects common to LA 

aerosol. Most notably, significant ion densities formed over large axial distances for LA aerosol 

were attributed to broad particle size distributions produced by LA. This picture is consistent 

with previously published work. Differences in the radial profiles generated by SN and LA 

aerosol warrant further investigation. We found that laser fluence positively correlated with the 

radial width of the ion distribution.  

The addition of He to the nebulizer gas flow led to ion formation farther upstream in the 

plasma than occurred with pure Ar as the nebulizer gas at a given total flow rate. The upstream 

shift likely reflects a combination of He effects: fewer large particles transported to the ICP and 

increased gas-kinetic temperatures in the ICP. Varying the point in the flow stream at which He 

and Ar are mixed should help clarify contributions of He to the ablation process and ICP 

conditions.  

Clearly, measurements of ion distributions in the ICP with LA sample introduction add 

important insights into signal production in LA-ICP-MS that cannot be obtained from mass 

spectrometric signals alone. 
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3 EVALUATION OF PARTICLE SIZE DISTRIBUTIONS PRODUCED DURING 

ULTRA-VIOLET NANOSECOND LASER ABLATION AND THEIR RELATIVE 

CONTRIBUTIONS TO ION DENSITIES IN THE ICP 

This chapter has been submitted for publication in Spectrochimica Acta Part B. 

3.1 Introduction  

The ICP is a critical juncture in LA-ICP-MS instruments. Efficient, stoichiometric ion 

production in the ICP and transmission through the MS interface is essential to achieving high 

levels of sensitivity, precision, and accuracy.  In SN-ICP-MS, significant progress has been made 

in characterizing the vaporization, atomization, and ionization patterns of monodisperse droplets. 

The spatial distribution of ions, resulting from vaporization, atomization, ionization, and 

diffusion, relative to the sampling cone has a significant impact on detection. Consequently, 

instrument parameters that influence these key ICP processes, including injector gas flow rates, 

injector inner diameter, type of injector gas, etc., have also been studied [1]. However, there are 

significant differences in the aerosol generated during LA and aerosol formed through SN. The 

PSD of aerosol generated during UV-ns-LA is much broader than traditional SN systems [2-4]. 

Intuitively, differences in relative penetration depths experienced by nanometer- and 

micrometer-sized particles would fundamentally limit sampling efficiencies. Attempts to reduce 

the number of incompletely vaporizing particles would inevitably increase loss due to off-axis 

diffusion [5]. Given that, for UV-ns-LA, micron-sized particles constitute a large fraction of the 

total aerosol volume, it is plausible that loss due to off-axis diffusion of ions formed from 

nanometer-sized particles is trivial [6, 7]. However, because penetration depths depend heavily 

on ICP conditions and particle composition, reports on threshold sizes for completely vaporizing 

particles have varied widely [5, 8-11]. The research described here focuses on characterizing the 
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relative contributions of differently-sized particles to overall ion densities in the ICP. 

In chapter 2, high resolution images obtained using LIF were used to investigate the 

influence of laser fluence, carrier gas, and the presence of water on various ion distributions in 

the ICP in LA-ICP-MS. Significant contributions to the observed changes in images reported in 

chapter 2 were suspected to be related to particle size effects. In this chapter, to examine the 

relative contributions of the various sizes of particle produced during ablation to the resulting 

distribution of ions formed in the ICP, polycarbonate filters of various pore sizes were placed in-

line to selectively remove particles above a given diameter. Contributions of those particle sizes 

to the overall ion distribution were assigned by comparing images obtained using LIF with 

different pore size filters in-line. SEM was used to qualitatively characterize the sizes and shapes 

of particles filtered for each image. Although time consuming, SEM allows very accurate 

analysis over a large range of particle sizes without limitations characteristic of alternative 

techniques such as differential mobility analyzers (DMA) and optical particle counters (OPC) 

[12]. The results indicate that most ions generated in our system originated from micron-sized 

particles. Differences in penetration depths for nanometer- and micrometer-sized particles were 

roughly 2 mm, 1 mm, and less than 1 mm for Ca, Ba, and Sc, respectively.   

3.2 Experimental 

3.2.1 Sample 

CaF2 windows (Exuberance Opto-electronics Technology Co,.Ltd, Beijing, China), BaF2 

windows (Laser Optex, Beijing, China), and 2% scandium-aluminum alloy disks (AMG 

Aluminum, Robards, KY) were used for the LA studies. The scandium aluminum alloy disks 

were polished with 1000 grit sandpaper, leaving the surface highly reflective. This was done to 
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reduce the number of particles generated, especially micron-sized spherical particles, to prevent 

clogging of the filters. No pre-ablation was performed on the CaF2 or BaF2 windows.       

 

Figure 3.1 General overview of the instrumental setup. 

3.2.2 Experimental 

Important instrument settings are listed in Table 3.1. A detailed review of the 

instrumentation used for these experiments was presented in chapter 2. A brief overview, 

including modifications, will be provided here. A modified Varian Redtop ICP-MS (Varian, 

Australia) instrument was used. A XeCl excimer laser (LPX 110, Lambda-Physik, Acton, MA) 

was used to pump a Scanmate 2 Dye laser (Lambda-Physik, Acton, MA) tuned to a transition 

line of the ion being studied. The fluorescence schemes can be found in Table 2.1. The 

fluorescence was capture on a gated iCCD (7361-0001, Princeton Instruments, Trenton, NJ). For 

Ca and Sc, LIF images were time averaged; hundreds of laser shots were integrated to achieve 

acceptable levels of signal to noise within a reasonable exposure time. For Ba, both time-

averaged and single shot images were recorded. For the single shot images, 170 images taken of 
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fluorescence from a single excitation laser pulse were recorded consecutively to produce a short 

video.    

Pulses from a Nd:YAG laser (Brilliant B, Quantel, France) were used to ablate samples 

sealed in an ablation cell with a volume of roughly 50 cm3.  All ablation experiments were 

performed in rastering mode with argon gas flow rates of 1.32, 1.4, and 1.3 L min-1 for Sc, Ca, 

and Ba, respectively. Ablated aerosol was transported through a 2 meter, 7-mm I.D. tygon tube 

to the sheath torch connector of the ICP. At about 1 meter downstream from the ablation cell, a 

custom-built filter assembly, with a plastic mesh support ring, was added in-line. No signal loss 

due to the presence of the mesh support ring was observed. Thin, track-etched, polycarbonate 

filter disks, 47 mm in diameter, of various pore sizes installed in the filter assembly were used to 

collect aerosol particles. Because filters with pore sizes below 1 µm were prone to clogging, they 

could not be used in these experiments. For CaF2 and scandium aluminum, glass wool was 

utilized upstream from the filter assembly in lieu of a 1 µm filter. With the glass wool in place, 

an image was taken with and without a 0.4 µm filter in the filter assembly. Because no ion 

signals were present with the 0.4 µm pore filter in place, ions formed in the images with the glass 

wool in-line can be completely assigned to particles collected on the 0.4 µm pore filter. That is, 

particles below 0.4 µm did not contribute significantly to ion signals. Particles collected on the 

filter disks were characterized using SEM (Helios NanoLab 600i, Hillsboro, Or). A 10 nm 

coating of gold and platinum was applied to the surface. SEM settings are displayed within each 

SEM image. Fig. 3.1 shows the general setup of the instrumentation.  
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Table 3.1. Experimental conditions  
Ablation Laser              Brilliant B 
Nd:YAG                       266 nm 
Pulse length                  5 ns   
Fluence (Ca/Ba)           18 J cm-2 

Fluence (Sc)                 50 J cm-2      
Spot size                       90-120 µm 
Rep rate                        10 Hz 
Raster speed                  0.1 mm s-1 
Beam profile                 Gaussian 
ICP-MS                         Varian Redtop 
Sampling depth             12 mm  
ICP forward power       1300 W 
Carrier gas                    See Text 
Plasma gas                    16 L min -1 
Auxiliary gas                2.0 L min -1 
Sheath gas                     0.2 L min -1 

 

3.2.3 Image processing 

For all but the single shot images, background emission was subtracted from the 

corresponding fluorescence images using the Winview software, (Princeton Instrument, Roper 

Scientific Inc. Trenton, NJ). Background-subtracted images were converted to ASCII format and 

processed with Matlab. The color scales were normalized to each image independently to allow 

better qualitative inspection of each ion distribution. Matlab was also used to plot the various 

cross sections and FWHMs. Axial cross sections were plotted along the center axis. Five rows 

above and below the radial center of the image were summed to improve the signal-to-noise in 

the axial profiles, corresponding to a physical dimension of .23 mm. FWHM values were 

calculated by counting the total number of pixels with intensity at least half of the peak 

maximum. This approach was chosen to avoid calculation difficulties associated with non-

Gaussian peak shapes or significant noise. Matlab was also used to create avi files for the movies 
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from the single shot experiments. Additionally, relative standard deviations (RSDs) for each 

pixel over the 170 images were calculated and used to generate a contour plot.       

3.3 Results and discussion 

3.3.1 Barium  

3.3.1.1 SEM images  

SEM images revealed that aerosol generated during ablation of BaF2 consisted of 

irregularly-shaped particles, soft-agglomerates of primary particles, and spherical particles. 

Examples of each particle type are presented in Fig. 3.2a. The sizes of soft-agglomerates, which 

likely form in the ablation cell [3,13], were difficult to characterize. However, soft-

agglomerations well into the micrometer range, such as the ones pictured in Figs. 3.2b and c, 

were common. The sizes of spherical particles were much more readily defined. As seen in Fig. 

3.2c, the diameters spherical particles ranged from as low as 100 nm to  greater than 1 µm. 

Particles larger than 1 µm were mostly irregularly-shaped particles, which often appeared to 

have been mechanically ejected, or exfoliated, from the surface, as seen in Fig. 3.2d. However, 

large, irregularly-shaped particles that have undergone some melt process, as those in Figs. 3.2e 

and f, were also fairly common. Mechanisms likely responsible for producing these large, 

irregularly-shaped particles have been described [14,15-16]. The somewhat poor selectivity of 

the filters can be seen in, for example, the 8 µm filter shown in Fig. 3.2g. Although particles 

below 8 µm were occasionally non-selectively filtered, it is apparent when comparing Fig 3.2g 

with the 1 µm filter, shown in Fig. 3.2h, that the filters achieved a fairly high level of 

discrimination. 

 

61 
 



www.manaraa.com

 

Figure 3.2 SEM images of aerosol particles generated during ablation of BaF2, collected on 
polycarbonate filter disks with 1, 5, 2, 2, 5, 3, 0.4, and 0.4 µm pore sizes presented in a-h, respectively. 

3.3.1.2 LIF images  

3.3.1.2.1 Signal intensity 

Fluorescence images obtained using various filters are presented in Fig. 3.3a. Cross-sectional 

plots of the axial distribution of Ba ions along the center axis for each image are presented in 

Fig. 3.3b. Comparing the images and cross sections taken with different filters in-line yields 

valuable insights into the relative contribution of various particle sizes to the ion distribution. A 

39, 59, 80, 94, and 99% decrease in the peak signal intensity resulted when 8, 5, 3, 2, and 1 µm 
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filters were added in-line, respectively. Although some particles below 1 µm were filtered by the 

1 µm filter, micron-sized particles clearly contributed to the vast majority of ions generated in 

the ICP.  

3.3.1.2.2 Axial ion distribution 

In Fig 3.3c, each axial cross section is normalized to its maximum value to more accurately 

compare changes in the shapes of the axial profiles. Information about the sizes of particles 

captured on each filter, gained from the SEM images presented in Fig. 3.2 can be used to 

understand the changes observed in each image. 

A 39% decrease in the peak ion signal was observed with the 8-µm filter in-line. Although 

the selectivity of the filters was poor, practically all of the particles collected on the 8 µm filter 

were large micron-sized exfoliated particles, many around 5-10 µm in diameter. Removing these 

particles led to a decrease in the relative ion signal in the downstream tail of the axial cross 

section displayed in Fig. 3.3c. This suggests that at least the smaller particles filtered by the 8 µm 

filter were completely vaporized in the ICP. Although the 5-µm filter led to a 59% decrease in 

the overall ion signal, the axial ion distribution did not change significantly from the 8 µm filter. 

This is likely due to the large number of 5-8 µm particles non-selectively filtered by the 8 µm 

filter.  

Again, a decrease in the relative ion signal in the downstream tail of the axial cross section 

accompanied the 80% ion signal decrease associated with the 3 µm filter in-line. This trend was 

similar for the 2- and 1-µm filters. These trends are consistent with the significant number of 

irregularly-shaped particles in the range of 1-5 µm. Additionally, there were a large number of 

spherical particles around 1-2 µm. As large micron-sized particles are more effectively filtered, 

the relative contributions to the ion signal of particles 1-2 µm and below increases. This is seen 
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in increasing relative ion intensities on the rise of the peaks in Fig. 3.3c with decreasing pore 

size.   

 

Figure 3.3 LIF images of Ba ion distributions formed in the ICP from aerosol particles generated during 
LA with filters of various pore sizes, as labelled in (a). Raw (b) and (c) normalized cross-sectional plots 
of the axial distributions of Ba ions along the center axis for each image. (d) FWHM calculated from 
radial cross-sections of Ba ion intensities. Legends are as follows: (__x__) no filter, (__

┼
__) 8 µm filter, (__◊__) 

5 µm filter, (__□__) 3 µm filter, (__   __) 2 µm filter, and (____) 1 µm filter. 
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3.3.1.2.3 Radial diffusion  

To investigate variability in the radial distribution of each image in Fig. 3.3a, FWHM values 

calculated for each image are plotted in Fig. 3.3d. The decreases in FWHM from upstream 

positions near the onset of vaporization to the axial position of peak signal intensity likely occurs 

as vaporization rates exceed rates of diffusion. The increases in FWHM values downstream from 

the minima towards the sampling cone indicate that diffusion rates overcame vaporization rates. 

The second decrease just upstream from the sampling cone occurs as ions are focused by gas 

flow being “pinched” by the sampling orifice. 

 Interestingly, smaller pore size filters led to significantly smaller FWHM near the axial 

position of peak ion intensity. Two mechanisms could likely explanation these results: first, 

initial trajectories of large particles are slightly off-axis compared to smaller particles, or 

secondly, vaporization patterns of large particles tend towards greater off-axis ion formation 

compared to smaller particles. To further investigate this phenomenon, LIF images 

corresponding to a single excitation pulse were taken consecutively to produce a movie. 

Although the time resolution of the images did not allow a single vaporizing particle to be 

tracked, the movies provide a general sense of how ion formation evolves in time. Additionally, 

RSDs for each pixel were calculated from the complete set of images. Contour plots of the RSDs 

for images taken with no filter and a 1 µm filter are presented in Fig. 3.4a and b, respectively. 

The largest RSDs with no filter were off-axis and at distances 2-3 mm downstream from the load 

coil. Also, the RSDs are greater on the lower half of the image. Conversely, RSDs from images 

taken with a 1 µm filter in-line were mirrored ion densities in the time-averaged image. These 

results suggest that micron-sized particles are more prone to vaporize off-axis. The asymmetry of 
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the RSDs is consistent with previous observations in our lab that flow patterns of the carrier gas 

affect trajectories of particles entering the plasma.       

 

Figure 3.4 Contour plots of RSDs for each pixel calculated over 170 images with no filter (a) and with a 
1 µm filter in-line (b). Color scales are different for the two images. 

3.3.2 Calcium 

3.3.2.1 SEM images  

Similar to BaF2, aerosol generated during ablation of CaF2 consisted of irregularly-shaped 

particles, soft-agglomerates of primary particles, and spherical particles (Fig. 3.5a-d). These are 

consistent with other SEM images of LA generated particles of fluorite reported by Kuhn et al.  

[3]. However, compared to BaF2 described in section 3.3.1.1., there were more irregularly-

shaped particles in the range of 5-10 µm, such as those shown in Fig. 3.5a and b. Particles 

collected downstream from the glass wool are shown in Fig. 3.5e. Only small soft-

agglomerations passed through the glass wool. 

A B
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Figure 3.5 SEM images of aerosol particles generated during ablation of CaF2, collected on 2 µm 
polycarbonate filter disks (a-d). The scaling shown in (b) is the same for (a-d). Particles collected on a 0.4 
µm with glass wool added upstream to the transport tubing (e).  
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3.3.2.2 LIF images  

Images obtained using various filters are presented in Fig. 3.6a. The ion densities along the 

center axis are plotted for each of these images in Fig 3.6b. Results were very similar to BaF2. A 

29, 55, 75, and 92% decrease in the peak signal intensity resulted when placing the 8, 5, 3, and 2 

µm pore size filter in-line, respectively. Likewise, a 97% decrease was observed when placing 

the glass wool upstream from the filter assembly.  

Trends in the normalized axial cross section presented in Fig. 3.6c follow much the same 

patterns as BaF2. Unlike the 8-µm filter for BaF2, no significant change in the peak shape was 

observed for CaF2. This suggests that the massive irregularly-shaped particles in the 8-10 µm 

range were not completely vaporized within the axial length imaged. It is an interesting 

possibility that the decrease in the ion density downstream from the axial position of the signal 

maximum partly results from a decrease in the rate of ion production associated with decreasing 

mass of the particle, as suggested by Olesik et al. [11]. 

Axial cross sections of the 2 µm filter and the glass wool in-line were very similar. This 

could suggest that very few particles larger than the soft-agglomerates in Fig. 3.6e and smaller 

than 2 µm were present to contribute to the ion signal. As mentioned in section 3.2.2, because no 

ion signals were detected with both the glass wool and 0.4 µm pore filter in-line, the signal in the 

image obtained with just the glass wool present can be assigned to the particles collected on the 

0.4 µm filter. Again, this indicates that particles below 0.4 µm do no significantly contribute to 

the images presented here.  

FWHM calculated for the images in Fig. 3.6a are plotted in Fig. 3.6d. Trends in the FWHM 

values were very similar to BaF2. Again, smaller pore sizes led to significantly smaller FWHM.  
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Figure 3.6 LIF images of Ca ion distributions formed in the ICP from aerosol particles generated during 
LA with filters of various pore sizes in-line, as labelled in (a). Raw (b) and normalized (c) cross-sectional 
plots of the axial distribution of Ca ions along the center axis for each image. (d) FWHM calculated from 
radial cross-sections of Ca ion intensities of each image. Legends are as follows: (__x__) no filter, (__

┼
__) 8 

µm filter, (__◊__) 5 µm filter, (__□__) 3 µm filter, (__   __) 2 µm filter, and (____) glass wool. 
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3.3.3 Scandium  

3.3.3.1 SEM images  

Ablation of scandium aluminum led to aerosol consisting of soft- and hard-agglomerates, both 

depicted in Fig. 3.7a. Hard-agglomerates were typically micron-sized, whereas soft-agglomerates 

were composed of small strands of nanometer-sized particles of varying thickness. Greater 

magnifications of the soft- and hard-agglomerates are shown in Fig 3.7b and c, respectively. No 

micron-sized spheres or irregularly-shaped particles were observed. This is consistent with 

previous reports of ns-LA of metals, particularly at low fluence [16]. Only soft-agglomerates 

were present on the 0.4 µm filter added downstream from the glass wool. As with CaF2, the 

signal in the image obtained using the glass wool can be completely ascribed to the particles 

collected on the 0.4 µm filter. 

 

Figure 3.7 SEM images of aerosol particles generated during ablation of scandium aluminum, collected 
on various pore size polycarbonate filter disks. Scales are listed on each image. 
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Figure 3.8 LIF images of Sc ion distribution formed in the ICP from aerosol particles generated during 
LA with filters of various pore sizes, as labelled in (a). Raw (b) and normalized (c) cross-sectional plots 
of the axial distribution of Sc ions along the center axis for each image. (d) FWHM calculated from radial 
cross sections of Sc ion intensities from each image. Legends are as follows: (__x__) no filter, (__

┼
__) 8 µm 

filter, (__◊__) 5 µm filter, and (____) glass wool. 
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3.3.3.2 LIF images 

3.3.3.2.1 Signal intensity 

LIF images obtained using various filters are presented in Fig. 3.8a. The ion densities along 

the center axis are plotted for each image in Fig 3.8b.  A 22% and 46% decrease in the peak 

signal intensities resulted when the 8- and 5-µm filters, respectively, were added in-line. 

Likewise, a 56% decrease occurred with the glass wool added upstream from the filter assembly. 

These decreases are much less than occurred with either Ba or Ca. This is not surprising 

considering that only micron-sized hard-agglomerates were generated during LA of scandium 

aluminum.  

3.3.3.2.2 Axial ion distribution 

Axial cross sections normalized to their own peak maximum are presented in Fig. 3.8c. 

There were practically no changes in the relative axial distributions of ions with different filters 

in-line. Only a slight upstream shift in the relative ion distribution was observed with the glass 

wool in place. Particles collected on the 0.4 µm filter indicate that only nanometer-sized soft-

agglomerates passed through the glass wool. The fact that only a minor decrease in the tail-end 

of the ion distribution occurred with the glass wool in-line suggests that the micron-sized hard-

agglomerates experience very similar vaporization patterns as the smaller nanometer-sized 

agglomerates. It seems likely that the micron-sized hard-agglomerates largely break up into 

smaller nanometer-sized agglomerates and only experience slightly greater penetration depths 

than the soft-agglomerates.     

3.3.3.2.3 Radial diffusion 

FWHM calculated for the images in Fig. 3.8a are plotted in Fig. 3.8d. Similar to Ca and Ba, 

FWHM values calculated for images with no filter and an 8 µm filter in-line were significantly 
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greater than for both the 5 µm filter and glass wool in-line. A steady increase in the FWHM 

downstream from the FWHM minima, around 6-7 mm from the load coil, support the idea that 

both soft- and hard-agglomerates break into smaller nanometer-sized particles that rapidly 

vaporize. If hard-agglomerates experienced greater penetration depths than nanometer-sized soft-

agglomerations, we would expect their FWHM minima to occur farther downstream and the 

subsequent rise to be less pronounced than that of the soft-agglomerates.  

3.3.4 Penetration depths 

Differences in the axial position of peak ion signals for each image can be used to estimate 

differences in penetration depths of the particle sizes contributing to the image. A clear upstream 

shift in the axial position of peak ion densities occurred for both Ba and Ca with decreasing filter 

pore size. Based on the differences in the axial position of peak ion signals, relative differences 

in the penetration depths of particles around 8 µm and particles below 1 µm were about 2 mm for 

Ca and 1 mm for Ba. Alternatively, only minor differences in the penetration depths of micron-

sized hard-agglomerates and nanometer-sized soft-agglomerates occurred with Sc. Given that 

significant decreases in the ion intensity occurred with no accompanying change in the axial ion 

distribution, we consider it unlikely that observed shifts were caused by reduced cooling of large 

micron-sized particles removed.       

3.4 Conclusions 

The relative contributions to ion densities in the ICP of differently-sized particles were 

examined. Particle sizes were characterized off-line with SEM. Aerosols generated during LA of 

BaF2 and CaF2 consisted of soft-agglomerates, spherical particles, and irregularly-shaped 

particles, whereas only soft- and hard-agglomerates were generated from ablation of scandium 

aluminum. In all cases, micron-sized particles produced most of the ions formed in the ICP. For 
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Ba and Ca, differences in axial positions of peak ion signal of 2- and 1- mm, respectively, were 

observed between nanometer- and micron-sized particles. Differences in the penetration depths 

of nanometer-sized soft-agglomerates and micron-sized hard-agglomerates observed in the case 

of scandium aluminum were much less significant. We conclude that the soft- and hard-

agglomerates generated during ablation of scandium aluminum experience very similar 

vaporization patterns in the ICP. There was evidence that flow patterns in the transport tube 

influence the trajectories of aerosol particles entering the ICP. The results described here address 

significant gaps in the current literature regarding vaporization patterns of LA aerosol of broad 

PSD, such as is common with 266 nm-ns-LA. 
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4 THE EFFECTS OF HE ON ABLATION AND ICP ENVIRONMENT IN LA-ICP-MS 

This chapter has been submitted for publication in Spectrochimica Acta Part B 

4.1 Introduction 

LA-ICP-MS is a powerful technique used for trace elemental analysis of solids. Compared to 

traditional SN, LA is quasi non-destructive, offers greater spatial resolution and sensitivity, and 

requires little to no sample preparation. However, non-stoichiometric effects related to laser-, 

transport-, and ICP-induced elemental fractionation significantly limit the analytical capabilities 

of LA-ICP-MS when matrix-matched standards are unavailable [1]. The need for better methods 

to reduce or account for elemental fractionation drives much of the research devoted to LA-ICP-

MS. In this effort, the use of helium as carrier gas has led to significant improvements in LA-

ICP-MS performance. However, improvements in MS data likely result from a convolution of 

helium effects during ablation, transport, and ICP processes, including transport through the 

interface.  

In chapter 2, the effects of adding helium to argon gas upstream of the ablation cell on ion 

distributions in the ICP using LIF were described. We were surprised to find that helium added 

to the carrier gas led to a decrease in the overall ion densities within the ICP. We considered the 

possibility that changes in the PSD could account for the decreased ion count in the ICP. 

However, the PSD of aerosol generated with ns-LA at 266 nm is considered largely immune to 

the choice of carrier gas [2]. Additionally, reduced deposition around ablation craters [3] and 

improved transport efficiencies of aerosol [2] for 266 nm ns-LA-ICP-MS during ablation in He 

vs Ar have been reported. Furthermore, minor increases in the fraction of small particles in the 

presence of helium typically lead to sensitivity gains [2, 4]. Witte et al. [5] reported 50% gains in 

MS signals when adding He. We concluded that more efficient transport through the interface in 

the presence of helium could account for the apparent inconsistency of the decreased ion signal 
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we observed with improved sensitivities generally reported. Significant improvements in ion 

signals achieved with more efficient ion transmission through the interface have been reported 

[6-7]. In this chapter, I describe a series of follow-up studies performed to test conclusions drawn 

in chapter 2.  

4.2 Experimental 

4.2.1 Sample 

CaF2 windows (Exuberance Opto-electronics Technology Co,.Ltd, Beijing, China) and 2% 

scandium-aluminum alloy disks (AMG Aluminum, Robards, KY) were used for this study. The 

2% scandium-aluminum alloy disks were polished with 2000 grit sandpaper.  No pre-ablation 

was performed on the CaF2 windows.      

4.2.2 Experimental 

Important instrument settings are listed in Table 4.1. A detailed review of the 

instrumentation used for these experiments have been presented in chapter 2. A brief overview, 

including modifications to the instrumentation described in chapter 2, will be provided here. 

Pulses from a Nd:YAG laser (Brilliant B, Quantel, France) were used to ablate samples sealed in 

an ablation cell with a volume of roughly 50 cm3.  The Varian ICP-MS gas box was used to 

control the Ar gas flow supply to the ablation cell. A separate mass flow controller (5850, 

Brooks Instruments) was used to control the He gas flow. Flow from either controller could be 

directly connected upstream of the ablation cell, added downstream of the ablation cell via a 

“Y”-connector, or mixed upstream of the ablation cell by a swage “T”-connector. A 7-mm I.D. 

transport tube (Tygon) was used to carry particles to the sheath torch connector of the ICP. 

Ratios of approximately 25, 50, and 75% He/Ar, listed in Table 4.2, were chosen that either led 
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to ion distributions centered in the imaging region or reaching a maximum near the sampling 

cone.  

After the images were taken for each gas condition, a filter assembly built in-house was 

added in-line midway from the ablation cell to the ICP torch. For each gas condition, particles 

generated over 100 laser pulses were collected on 0.4 µm polycarbonate filter disks. Particles 

collected on the filters were characterized with SEM (Helios NanoLab 600i, Hillsboro, Or). A 10 

nm coating of gold and platinum was applied to the surface. Images were taken at 650x 

magnification with power of 5.00 KV, current of 86 pA, and working distances around 4 mm.   

A XeCl excimer laser (LPX 110, Lambda-Physik, Acton, MA) was used to pump a SCAN 

mate 2 Dye laser (Scanmate 2, Lambda-Physik, Acton, MA) tuned to a transition line for the ion 

being studied. The fluorescence schemes can be found in Table 2.1. Fluorescence was captured 

on a gated iCCD (7361-0001, Princeton Instruments, Trenton, NJ). The iCCD gain and number 

of exposures were adjusted to produce acceptable signal levels within a reasonable exposure 

time. Fig. 4.1 shows the general setup of the instrumentation. 

 

Figure 4.1 General overview of the instrumental setup. The three different setups used for the different 
gas conditions are depicted.  
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Table 4.1 Experimental conditions  
Ablation Laser               Brilliant B 
Nd:YAG                          266 nm 
Pulse length                   5 ns   
Fluence (Sc)                   50 J cm-2 
Fluence (Ca)                  18 J cm-2 
Spot size                        90 µm 
Rep rate                         10 Hz 
Raster speed                  0.1 mm s-1 
Beam profile                   Gaussian 
ICP-MS                           Varian 
Redtop 
Sampling depth              12 mm  
ICP forward power         1300 W 
Carrier gas                     See Table 4.2 
Plasma gas                    16 L min-1 
Auxiliary gas                   2 L min-1 
Sheath gas                     0.2 L min-1 

 

Table 4.2 Carrier Gas Flow Rates (L min-1) 
He/Ar Ratio 25% 50% 75% 
Ca II Ar 1.3 1.05 0.66 
  He 0.43 1.05 2 
Sc II Ar 1.17 1 0.58 
Fig 4.6  He 0.39 1 2 
Sc II Ar 1.28 1.1 0.72 
Fig 4.8 He 0.42 1.1 2 

 

4.2.3 Image processing 

The background emission was subtracted from the corresponding fluorescence image using 

the Winview software, (Princeton Instrument, Roper Scientific Inc. Trenton, NJ). Background-

subtracted images were converted to ASCII format and processed with Matlab. The color scales 

were normalized to each image independently to allow greater qualitative inspection of each ion 

distribution. Matlab scripts were created to plot the various cross sections and FWHMs. Axial 
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cross sections were plotted along the center axis. Five rows above and below the radial center 

axis, corresponding to a physical dimension of .23 mm, were averaged to improve the signal-to-

noise in the axial profiles. FWHM values were calculated by counting the total number of pixels 

along each radial cross section with intensity at least half of the peak maximum. This approach 

was chosen to avoid calculation difficulties associated with non-Gaussian peak shapes or 

significant noise. FWHM were not calculated at axial positions where the presence of the cooled 

central channel caused a dip in the ion signal along the center axis.   

4.3 Results and discussion 

4.3.1 Calcium 

4.3.1.1 Ablation 

As seen in the SEM image in Fig. 4.2a, ablation in 1.3 L min-1 Ar produced spherical 

particles, exfoliated fragments, and soft-agglomerates of various sizes and densities.  Images of 

these particles taken at greater magnifications were presented in chapter 3. Particles collected 

during ablation at 0.66 L min-1 Ar, presented in Fig. 4.2b, include micron-sized spheres, 

exfoliated particles, and filamentary soft agglomerates. Due to the scarcity of micron-sized 

particles, the exfoliated particle seen in the inset was superimposed from another section of the 

image. Insets in the remaining images are similarly drawn from other sections of the filter to 

illustrate the variety of particles collected on the filter. 

Much larger and denser soft-agglomerations were generated during ablation in 2.00 L min-1 

He (Fig. 4.2c) compared to either flow rate in Ar. Hard-agglomerates, spheres, and fragments, 

though smaller, were present in numbers similar to 1.3 L min-1 Ar. The numbers and sizes of 

soft-agglomerates formed at 0.43 L min-1 He (Fig. 4.2d) were intermediate between those formed 

in Ar and those observed with 2.00 L min-1 He. Only a few small micron-sized spheres and 
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fragments were observed during ablation in 0.43 L min-1 He. We assume that the changes in 

particle distributions observed as a function of gas flow rates are primarily due to changes in 

transport efficiency, and not due to fundamental changes in the ablation process. 

 

Figure 4.2 SEM images of aerosol particles, generated during ablation of CaF2, impacted on 0.4 µm pore 
size polycarbonate filter disks. Images were taken of particles impacted during ablation in 1.3 L min-1 Ar 
(a), 0.66 L min-1 Ar (b), 2.00 L min-1 He (c), and 0.43 L min-1 He (d). These flows correspond to the flows 
used for images presented in Fig. 4.3 for ablation in argon or helium at 25 and 75% He/Ar. The scale for 
each image, bottom-right of (a), is the same for each image. 
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4.3.1.2 ICP 

4.3.1.2.1 Axial ion distributions 

General qualitative differences in the ion distributions formed during ablation in different 

Ar/He gas conditions are presented in the LIF images in Fig 4.3. The intensities of ions along the 

center axis for each image are plotted in the axial cross-sections in Fig. 4.4a, b, and c for He/Ar 

mixtures of 25, 50, and 75%, respectively. For each He/Ar ratio, the gas composition in the 

ablation cell had little effect on the overall ion signal intensities, despite differences in the PSDs 

described in section 4.3.1.1. It appears that the increase in the amount of soft-agglomerations 

during ablation in helium compensated for the reduced size and number of micron-sized particles 

compared to argon. This is consistent with reports of identical ablation rates in helium and argon 

[8]. Although overall intensities were similar, some differences in the ion distributions were 

evident for the 25% He/Ar mixture.  The shape of the trace for ablation in argon is consistent 

with the vaporization pattern for large particles, in contrast to the pattern expected for the 

filamentary particles that dominate in Fig. 2d.  In general, however, it can be said that the effects 

of ablation gas on ion distributions for CaF2 are minor. 

 In contrast, the overall composition of the gas has a major impact on ion distributions in the 

plasma.  The ion signal intensity for 75% He/Ar is about a half that for 25% He/Ar. These results 

are consistent with the results described in chapter 2. Given that a greater number of micron-

sized particles and agglomerates were observed during ablation in 2.00 L min-1 He compared to 

0.43 L min-1 He, particle effects do not account for the decrease. In addition to affecting aerosol 

production, increasing He/Ar ratios also influence ICP conditions [9]. Higher gas-kinetic 

temperatures have been reported with added helium [5]. At higher gas-kinetic temperatures, the 

ionization efficiency of the ICP should improve and unfavorable shifts in the Saha balance are 
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not likely [10]. Enhanced off-axis diffusion of ions at higher He/Ar ratios could account for 

lower on-axis signals. Broadening in the radial distributions of ions in the presence of He, 

previously reported, were attributed to higher mass and electrical conductivities of helium 

compared to argon [11],[12]. Moreover, an upstream shift in the axial position where 

vaporization begins [13] at higher He/Ar ratios would exacerbate ion loss due to off-axis 

diffusion. The disappearance of the cooled central channel at 75% He/Ar in the LIF images in 

Fig. 4.3 is indicative of an upstream shift in vaporization. An upstream shift in vaporization was 

suggested to account for a decrease in LIF signal that occurred when adding a matrix element 

(lithium) in a SN-ICP-MS study [14]. 

 

Figure 4.3 LIF images of Ca ion distributions formed in the ICP from aerosol particles generated during 
LA in various ablation gas conditions. As labelled, images were obtained during ablation in 25 (left 
column), 50 (center column), and 75% He/Ar (right column). For each He/Ar ratio, argon (top row), a 
mixture of argon and helium (middle row), or helium (bottom row) was added to the ablation cell. Actual 
flow rates used for each image are listed in Table 4.2. Each image is oriented similarly with the load coil 
out of the image to the left and the sampling cone just protruding into the right side. 
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Figure 4.4 Cross-sectional plots of the axial distribution of Ca ions along the center axis for each image 
presented in Fig. 4.3. Plots from images taken with nebulizer gas compositions of 25, 50, and 75% He/Ar 
are presented in 4.4a, b, and c, respectively. Additionally, FWHM calculated from radial cross-sections of 
Ca ion intensities are presented in 4.4d, e, and f, for nebulizer gas compositions of 25, 50, and 75% 
He/Ar, respectively. For each He/Ar ratio, plots are presented for ablation in (__ __) argon, (____) mixtures, 
and (____) helium. 

4.3.1.2.2 Radial ion distributions 

FWHMs calculated from radial cross sections of images taken during ablation in 25, 50, and 

75% He/Ar are presented in Fig. 4.4d, e, and f, respectively. Higher He/Ar ratios produced 

significantly larger FWHM values, most notably at downstream positions near the sampling 

cone. The general trend of FWHM values along the axial length was similar for each plot. The 

initial decline in the FWHM to a minimum indicates that vaporization rates exceed rates of off-

axis diffusion. A vaporizing particle acts as a local source of atoms, which are ionized faster than 

they diffuse off-axis. A minimum and subsequent rise occurs as rates of off-axis diffusion exceed 

vaporization rates. At higher He/Ar ratios, the axial positions where the minima occur are shifted 
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upstream. The upstream shift is consistent with an upstream shift in the axial position where 

vaporization begins. However, higher vaporization rates [4] could also contribute to the shift.  

4.3.2 Scandium  

4.3.2.1 Ablation 

As seen in the SEM image in Fig. 4.5a, ablation in 1.3 L min-1 Ar produced micron-sized 

hard-agglomerates, spherical particles, and soft-agglomerates of various densities. Fewer spheres 

and more hard-agglomerates were generated compared to CaF2. Ablation in 0.6 L min-1 Ar (Fig. 

4.5b) led to more abundant, larger soft-agglomerates compared to 1.3 L min-1 Ar. No micron-

sized spheres or fragments were observed at the lower flow rate.  

Micron-sized spheres and hard-agglomerates were collected during ablation in 2.00 L min-1 

He (Fig. 4.5c), though smaller and fewer in number compared to 1.3 L min-1 Ar. Soft-

agglomerations were more abundant and appeared to be more densely packed than those formed 

in Ar. During ablation in 0.4 L min-1 He (Fig. 4.5d) soft-agglomerations were formed, though not 

as dense or abundant as at 2.00 L min-1 He. There were no micron-sized particles collected 

during ablation in 0.4 L min-1 He. Chimney formations attributed to inefficient removal of large 

particles during ablation have been reported for metals [8], so the absence of large particles at 

low He flow rates in the ablation cell could be due to transport losses. However, the presence of 

large particles under similar conditions with the CaF2 samples indicates that other factors are also 

in play. 
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Figure 4.5 SEM images of aerosol particles, generated during ablation of scandium aluminum, impacted 
on 0.4 µm pore-size polycarbonate filter disks. Images were taken of particles impacted during ablation in 
1.3 L min-1 Ar (a), 0.6 L min-1 Ar (b), 2.00 L min-1 He (c), and 0.4 L min-1 He (d). These flows reflect 
nominal flows used for images presented in Fig. 6 and 8 for ablation in argon or helium at 25 and 75% 
He/Ar.     
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Figure 4.6 LIF images of Sc ion distributions formed in the ICP from aerosol particles generated during 
LA in various ablation gas conditions. As labelled, images were obtained during ablation in 25 (left 
column), 50 (center column), and 75% He/Ar (right column). For each He/Ar ratio, argon (top row), a 
mixture of argon and helium (middle row), or helium (bottom row) was used added to the ablation cell. 
Actual flow rates used for each image are listed in Table 4.2. 

 

Figure 4.7 Cross-sectional plots of the axial distribution of Sc ions along the center axis for each image 
presented in Fig. 4.6. Plots from images taken during ablation in 25, 50, and 75% He/Ar are presented in 
4a, b, and c, respectively. Additionally, FWHM calculated from radial cross-sections of Sc ion intensities 
are presented in 4.7d, e, and f, for ablation in 25, 50, and 75% He/Ar, respectively. For each He/Ar ratio, 
plots are presented for ablation in (__ __) argon, (____) mixtures, (____) and helium. 
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4.3.2.2 ICP 

4.3.2.2.1 Axial ion distributions  

LIF images of Sc ions taken during various ablation gas conditions are presented in Fig. 4.6. 

Gas flows were chosen that led to peak ion densities 7-8 mm downstream from the load coil. 

Cross sections of the ion densities along the center axis are plotted for 25, 50, and 75% He/Ar in 

Fig. 4.7a, b, and c, respectively. Unlike the case of CaF2, overall ion signal intensities were 

significantly dependent on ablation gas composition for the scandium aluminum alloy, most 

notable at lower He/Ar ratios. It is clear from the data that ion densities in the plasma are not a 

simple linear function of the composition of the gas in the ablation cell, as would be the case if 

gas density were the critical gas property.   

The ion signals produced with 75% He/Ar are approximately half those for 25% He/Ar when 

either He or Ar is used as the ablation gas. As with CaF2, the decrease is not consistent with 

changes in the PSD. Rather, ICP effects must be considered. Again, off-axis diffusion could 

account for the decrease in ion density with the increase in helium content in the nebulizer gas. 

Since calcium and scandium are almost identical in mass, they should experience very similar 

rates of diffusion. However, the plateauing effect observed in the ion signal for CaF2 at greater 

He/Ar ratios did not occur in scandium aluminum. Scandium is a much more refractory element 

than calcium. Recalling that lower nebulizer gas flow rates lead to higher central channel 

temperatures, note that the Sc ion density with an Ar flow rate of 1.17 L min-1 peaked at the 

same axial position as Ca ion density with a flow of 1.3 L min-1 Ar. It is possible that the 

plateauing effect in the Ca ion distribution observed for high helium fractions was related to the 

upstream shift in vaporization and is not as significant for the more refractory scandium 

aluminum particles.        
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4.3.2.2.2 Radial ion distributions 

FWHMs calculated from vertical cross sections of images taken during ablation in 25, 50, 

and 75% He/Ar are presented in Fig. 4.7d, e, and f, respectively. Similar to Ca, FWHMs 

increased with increasing He/Ar ratios. It is interesting that the FWHM continually decreased 

along the axial length for 75% He/Ar, indicating that particles vaporized along the entire axial 

length of the ICP. It should be noted that the axial position of peak ion signal for 75% He/Ar is 1 

mm downstream from that of that of 25% He/Ar. Therefore, it is possible that diffusional effects 

are masked by convergence of the gas flow at the sampling cone. It is also possible that an 

“expansion-driven acceleration” of particles in 75% He/Ar led to incomplete vaporization of 

larger particles [15]. Higher velocities would mean aerosol particles would experience shorter 

residence times in the ICP. Incomplete vaporization not only accounts for the FWHM trend, but 

could also account for a portion of the decreased ion signal that occurred with 75% He/Ar.   

4.3.2.2.3 Sampling cone 

To investigate the influence of the vacuum interface on ion distributions in different He/Ar 

mixtures, flow rates were adjusted to produce peak ion densities just upstream from the sampling 

cone. LIF images of Sc ions taken at those flow rates are presented in Fig. 4.8. Cross sections of 

the ion densities along the center axis are plotted for 25, 50, and 75% He/Ar in Fig. 4.9a, b, and 

c, respectively. At 25% He/Ar, ablation in argon again leads to the greatest ion signal. However, 

at 50 and 75% He/Ar, ablation in helium produces the largest ion signal. It is unlikely that 

significant changes in the PSD occurred over the minor changes in flow rates required to shift the 

ion signal towards the sampling cone. Thus changes in the vaporization/ionization rates of 

particles near the sampling cone should be considered.  
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The evidence suggests that more complete vaporization of soft-agglomerates, predominately 

generated in helium, compared to micron-sized particles, generated in argon, account for the 

change in trend. Because flow rates were increased to position the Sc ion signal peak just 

upstream from the sampling cone, particles vaporize over a shorter axial length and are less 

likely to completely vaporize. Indeed, FWHM plotted in Fig 4.9d, e, and f, for 25, 50, and 75% 

He/Ar indicate incomplete vaporization in all cases. Intuitively, the vaporization efficiency of 

soft-agglomerates would be less affected by accelerated velocities associated with greater He/Ar 

ratios than micron-sized particles. An increased steepness in the decline of FWHMs 

corresponding to ablation in helium compared to argon is further support of this conclusion.    

 

 

Figure 4.8 LIF images of Sc ion distributions formed in the ICP from aerosol particles generated during 
LA with gas flows adjusted to produce peak ion signals 2-3 mm upstream from the sampling cone. As 
labelled, images were obtained during vaporization in 25 (left column), 50 (center column), and 75% 
He/Ar (right column). For each He/Ar ratio, argon (top row), a mixture of argon and helium (middle row), 
or helium (bottom row) flowed through the ablation cell. Actual flow rates used for each image are listed 
in Table 4.2. 
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Figure 4.9 Cross-sectional plots of the axial distribution of Sc ions along the center axis for each image 
presented in Fig. 4.8. Plots from images taken with nebulizer gas compositions of 25, 50, and 75% He/Ar 
are presented in 4.9a, b, and c, respectively. Additionally, FWHM calculated from radial cross-sections of 
Ca ion intensities are presented in 4.9d, e, and f, for nebulizer gas compositions of 25, 50, and 75% 
He/Ar, respectively.  For each He/Ar ratio, plots are presented for ablation in (__ __) argon, (____) mixtures, 
and (____) helium. 

4.4 Conclusions 

The effects of adding helium upstream and downstream of the ablation cell were 

investigated. Differences in the PSD of aerosol generated during ablation in argon and helium at 

low and high flows were characterized off-line with SEM. In general, ablation in helium led to 

larger, more densely packed soft-agglomerates, and fewer and smaller micron-sized particles 

than in argon. However, Ca ion signals generated from particles produced during ablation of 

CaF2 were largely independent of the gas added upstream from the ablation cell. It seemed that 

an increase in the amount of soft-agglomerations during ablation in helium compensated for the 

reduced size and number of micron-sized particles compared to argon. In the case of scandium 

aluminum, ablation in argon typically led to larger Sc ion signals in the ICP. For both CaF2 and 
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scandium aluminum, increasing the He/Ar ratio from 25 to 75% led to lower ion densities. 

Changes in the PSD could not account for the decrease. We propose that increased rates of off-

axis diffusion at greater He/Ar ratios caused the decrease. Increasing FWHM values at higher 

He/Ar ratios supported this conclusion. When flow rates were increased to shift ion production 

near the sampling cone, slightly higher Sc ion signals were formed from particles generated in 

helium than in argon. We concluded that the vaporization efficiencies of soft-agglomerates were 

less affected by accelerated particle velocities at greater He/Ar ratios than micron-sized particles.  
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5 CONCLUSIONS  

5.1     Summary 

5.1.1 Fluorescence imaging of ion distributions in an inductively coupled plasma with 

laser ablation sample introduction 

In chapter 2, I compared the spatial distributions of ions generated from aerosol produced 

during SN with aerosol produced during LA under varying fluence and carrier gas make-up. 

“Dry” aerosol produced during LA, which did not require desolvation, led to ions formed farther 

upstream in the plasma compared to “wet” aerosol produced during SN. Broader axial 

distributions of ions formed from LA generated aerosols, compared to SN aerosol, were 

attributed to broad particle size distributions produced by LA. Although LA generated aerosol 

led to narrower radial distributions than SN, I was unable to explain the difference. However, I 

found that laser fluence positively correlated with the radial width of the ion distribution. In 

preliminary experiments, solvent added independent of the analyte had very little effect of the 

ion profile beyond shifting it slightly downstream. The addition of He to the nebulizer gas flow 

led to reduced ion signals at axial positions farther upstream in the plasma compared to pure Ar 

as the nebulizer gas at a given total flow rate. It was difficult to distinguish between He effects 

related to changes in the PSD or ICP environment. 

5.1.2 Evaluation of particle size distributions produced during ultra-violet nanosecond 

laser ablation and their relative contributions to ion densities in an ICP 

In chapter 3, I characterized the relative contributions to ion densities in the ICP of particles 

of various sizes. Particles observed using SEM consisted of hard- and soft- agglomerates, 

spherical particles, and irregularly-shaped particles. Although soft-agglomerates and spherical 

particles were common to aerosols generated during LA of glass and metals, hard-agglomerates 
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appeared to be unique to metals while irregularly-shaped particles were unique to glass. For glass 

and metals, a significant fraction of the ions formed in the ICP originated from micron-sized 

particles. Based on differences in the axial position of peak ion signal, differences in the 

penetration depths of nanometer-sized agglomerates and micron-sized particles were about 2 mm 

for Ca and 1 mm for Ba. Differences in the penetration depths of nanometer and micron-sized 

agglomerates observed in the case of aluminum scandium were much less significant. This 

suggests that micron-sized hard-agglomerates and nanometer-sized soft-agglomerates experience 

very similar vaporization patterns. Additionally, there was evidence that flow patterns in the 

transport tube affect the trajectories of particles entering the plasma.  

5.1.3 Differentiating the effects of He on ablation and ICP environment in LA-ICP-MS 

In chapter 4, I investigated the effects of adding helium upstream and downstream of the 

ablation cell. Using SEM, I found that ablation in helium generally led to larger, more densely 

packed soft agglomerates, and fewer and smaller micron-sized particles than in argon. Ca ion 

signals generated from particles produced during ablation of CaF2 were largely independent of 

the gas added upstream from the ablation cell. It seemed that an increase in the amount of soft-

agglomerations during ablation in helium compensated for the reduced size and number of 

micron-sized particles compared to argon. In the case of scandium aluminum, ablation in argon 

typically led to greater Sc ion signals in the ICP. For both Ca and Sc, increasing the He/Ar ratio 

from 25 to 75% led to lower ion signals. Changes in the PSD could not account for the decrease. 

It was proposed that increased rates of off-axis diffusion at greater He/Ar ratios caused the 

decrease. Increasing FWHM at higher He/Ar ratios supported this conclusion. When flow rates 

were increased to shift ion production near the sampling cone, larger Sc ion signals were formed 

from particles generated in helium. I speculated that the vaporization efficiencies of soft-
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agglomerates were less affected by accelerated particle velocities at greater He/Ar ratios than 

micron-sized particles.    

5.2     Future work 

Very little research on vaporization patterns of LA generated aerosol has been published. 

Consequently, there are a large number of worthwhile experiments that could be performed with 

little to no modifications to the existing instrumental setup. In the course of developing methods 

for the experiments described in this paper, I noticed a number of interesting phenomena that 

could be studied further. 1) The focus position of the Nd:YAG relative to the sample surface had 

a tremendous influence on the ion signal. 2) The reflectivity of the scandium aluminum surface, 

which varied greatly depending on the sandpaper grit used for polishing, heavily influenced 

ablation rates, particles formed, and the resulting LIF ion signal. 3) The time evolution of ions 

forming in the plasma as ablation begins and the decrease during the wash-out after ablation ends 

showed interesting characteristics. For example, helium led to significantly shorter wash-out 

times than argon. 4) The presence of the filter assembly or Y connector downstream from the 

ablation cell appeared to cause distributions of ions over larger radial distances. Overall, I 

suspect flow patterns through the transport tube influences the MS signal more than is currently 

thought. 5) Varying laser fluence affected the LIF ion signal differently for ablation in Ar vs. He.    

There are a number of interesting experiments that would require some modifications to the 

instrumental setup. 1) It would be interesting to image ions formed from LA aerosol in the first 

and second vacuum chambers. Changes in transmission patterns between argon and Ar/He mixed 

plasmas would help clarify results we observed using helium. 2) It would be very instructive if 

particles of only a narrow size range could be transported to the ICP. The filters used in my 

studies could only filter particles below a certain size and were not very selective at that. 3) It 
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would not take a great deal of modifications to perform experiments similar to the ones described 

here operating the Nd:YAG at the first and second harmonics, 1064 nm and 532 nm. These 

fundamental studies are key to improving the analytical capabilities of LA-ICP-MS  
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