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Abstract 
The present work investigates properties and applications of a novel dynamic 
reaction cell (DRC) for alleviation of spectral interferences that occur in 
elemental analysis by inductively coupled plasma mass spectrometry (ICP-MS). 
This technology utilizes ion-molecule charge transfer or condensation reactions 
for the separation of an interference from an analyte ion. 
Fundamental studies show the effect of the reaction gas on transmission of 
elemental ions (hence sensitivity for detection) and its efficiency for the 
suppression of a variety of spectral interferences. The results show that the ion 
to gas mass ratio and the magnitude of long-range interactions between the ion 
and the reaction gas (in the form of induced or permanent dipole moments) 
determines the degree of thermalization inside the reaction volume. The heavier 
the gas and the higher its polarizability, the more efficient thermalization occurs 
and the efficiency of thermodynamically driven reactions increase.  
Formation of additional interferences inside the reaction volume is found to 
depend strongly on the reaction gas used and its purity. Highly reactive gases 
as NH3, O2, N2O, hydrocarbons, and water vapor lead to the formation of 
polyatomic ions from condensation and association reactions. Adjusting the 
range of transmitted masses with the bandpass quadrupole, used as ion guide 
inside the reaction volume, is an efficient means to reduce the abundance of 
such in-cell produced interfernces.  
This work further shows that the thermalization of the ion beam inside the 
dynamic reaction cell can also limit the use of the device in multi-element 
applications where high time resolution is required. The re-fill time of the 
reaction volume for ions that were rejected by the bandpass quadrupole in the 
preceding scan was several hundreds of milliseconds. The introduction of a set 
of electrodes for continuous acceleration towards the reaction chamber exit, 
however, eliminates this characteristic and allows using the dynamic reaction 
cell for laser ablation sampling at high scanning frequencies without a trade-off 
in elemental sensitivity.  
The dynamic reaction cell is used for applications where different sample 
introduction systems and accordingly different plasma operating conditions are 
applied. These studies show that the reaction efficiency is generally 
independent from the operation parameters of the ion source and methods can 
be readily transferred for use with different sample introduction systems.  
The technology is used in several applications of elemental analysis during this 
work. The attenuation of the Ar2+ interference on the most abundant Se-isotope 
is studied with different reaction gases and reaction pathways. This interference 
can be suppressed by H2, CH4, O2 and N2O with different efficiency but in all 
cases a significant improvement of the signal to background ratio and the limit 
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of detection is obtained. In-cell produced ions, however, are found to limit the 
use of O2 and N2O when high levels of Zn are present, due to formation of 
ZnO+. Oxygenation of Se+ can also achieve a separation from the Ar2+ 
interference but in this case the slow removal of potentially interfering Mo+ is a 
limitation before the general application of this reaction pathway.  
The simultaneous determination of Nb and Zr, both strongly interfered by 
ArCr+ interferences in Cr-rich matrices is achieved with very good accuracy and 
reproducibility in geological and metallurgical samples in the low µg/kg range.  
Using the dynamic reaction cell in combination with laser ablation for sample 
introduction leads to improved determination for Ca and Fe in high purity 
quartz and in fluid and melt inclusions hosted in a quartz matrix. The limit of 
detection for Ca can be lowered by more than two orders of magnitude because 
the isotope of highest abundance can be accessed. Some improvement is also 
achieved for the analysis of high purity CaF2, where the determination of 59Co+ 
is strongly affected by the formation of 40Ca19F+ from the sample matrix. 
Oxygenation of Co+ and analysis as CoO+ eliminates the CaF+ interference but 
the efficiency of the reaction is not high enough to achieve sufficient sensitivity 
for determinations in the sub mg/kg range.  
The dynamic reaction cell is an efficient technology to suppress spectral 
interferences in ICP-MS measurements independently of the type of sample 
introduction system used. This broadens the range of applications for this 
method significantly. 
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Kurzfassung 
Die vorliegende Arbeit behandelt Eigenschaften und Anwendungen einer 
dynamischen Reaktionszelle (engl.: dynamic reaction cell, DRC) zur 
Unterdrückung spektraler Interferenzen in der Elementanalyse durch 
Massenspektrometrie mit induktiv gekoppeltem Plasma als Ionenquelle (ICP-
MS). In der DRC können Analyt-Ionen durch selektive Neutralisations- oder 
Kondensationsreaktionen mit einem Reaktionsgas von spektralen Interferenzen 
getrennt werden. 
In grundlegenden Untersuchungen wird der Einfluss des Reaktionsgases auf 
die Transmission der Ionen, die daraus resultierende Messempfindlichkeit 
sowie die jeweils mögliche Reduktion spektraler Interferenzen gezeigt. Die 
energetische Entwicklung der Ionen in der DRC wird dabei sowohl durch das 
Massenverhältnis zum Reaktionsgas als auch durch die Stärke der 
intermolekularen Anziehungskräfte bestimmt.  
Es wird gezeigt, dass die Stärke der Anziehungskräfte die Thermalisierung der 
Ionen wesentlich beeinflusst und dass thermodynamisch erlaubte Reaktionen 
mit steigender Thermalisierung begünstigt werden. Es zeigte sich allerdings, 
dass die Thermalisierung der Ionen in der DRC auch das Ansprechverhalten 
der DRC auf einen Wechsel der Analytmasse beeinflusst, die sich in einer 
Verschlechterung der Nachweisstärke bei schnellen Messzyklen geäußert hat. 
Indem durch zusätzliche Elektroden eine kontinuierliche Axialbeschleunigung 
der Ionen in der DRC aufrecht erhalten wurde, konnte diese Problematik 
beseitigt werden. Somit kann diese Technologie auch zur Aufnahme transienter 
Signale bei hoher Zeitauflösung verwendet werden, ohne dass die 
Nachweisempfindlichkeit beeinträchtigt wird.  
Die Bildung zusätzlicher Interferenzen innerhalb der DRC ist von der Art und 
Reinheit des Reaktiongases abhängig. Hochreaktive Substanzen wie NH3, O2, 
N2O sowie Kohlenwasserstoffe oder Wasserdampf zeigen eine ausgeprägte 
Neigung zu Kondensations- und Assoziationsreaktionen, die auch mit Analyt-
Ionen eingegangen werden. Diese Reaktionen führen einerseits zu Verlusten in 
der Nachweisempfindlichkeit und andererseits möglicherweise zu zusätzlichen 
spektralen Interferenzen, wobei letztere durch Anpassung der 
Transmissionsbedingungen in der DRC weitestgehend unterdrückt werden 
können.  
Beim Vergleich unterschiedlicher Probenzufuhrsysteme zeigte sich, dass die 
Effizienz der DRC nicht von den Betriebsbedingungen der Ionenquelle 
abhängig ist, so dass etablierte Methoden auch für veränderte 
Plasmabedingungen problemlos eingesetzt werden können.  
Durch die Verwendung der DRC können verschiedene Probleme der 
Elementanalytik mit ICP-MS gelöst werden. Für die Unterdrückung der Ar2+ 
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Interferenz bei der Bestimmung von Se wurden die Reaktionsgase H2, CH4, O2 
und N2O verglichen. Mit allen vier Gasen kann eine signifikante Reduktion des 
Signal-Untergrund Verhältnisses und der Nachweisgrenze erreicht werden, 
jedoch mit unterschiedlicher Effizienz in der Unterdrückung von Ar2+. Bei der 
Verwendung von O2 und N2O führt allerdings die Bildung von ZnO+-Ionen zu 
zusätzlichen Interferenzen, wenn ausreichend hohe Zn-Konzentrationen in der 
Probe vorliegen. Die Trennung von Se+ von Ar2+ wird ebenfalls durch 
Oxygenierung von Se+ mit O2 und N2O erreicht. Die langsame Umsetzung von 
Mo+ als potenzieller Interferenz schränkt die generelle Verwendbarkeit der 
Methode jedoch stark ein.  
Eine weitere im Rahmen dieser Arbeit entwickelte Methode ermöglicht die 
Simultanbestimmung von Nb und Zr, welche durch ArCr+ in Cr-reichen Proben 
gestört werden. Die Verwendung von H2 als Reaktionsgas ermöglicht die 
Eliminierung der Interferenz und damit die empfindliche Bestimmung beider 
Elemente mit ausgezeichneter Richtigkeit in metallurgischen und geologischen 
Proben.  
Bei Verwendung der Laser-Ablation als Probenzufuhrsystem kann die 
Empfindlichkeit für die Bestimmung von Ca und Fe in hochreinem Quarz oder 
in Einschlüssen in einer Quarzmatrix verbessert werden. Insbesondere die 
Nachweisgrenze für Ca wird durch Verwendung des häufigsten Isotops 40Ca 
um mehr als zwei Größenordnungen gesenkt.  
Oxygenierung von Co+ ermöglicht außerdem eine verbesserte 
Charakterisierung von hochreinem CaF2 bei Verwendung der Laser-Ablation 
zur Probenzufuhr. Durch die Verwendung von N2O als Reaktionsgas und 
Bestimmung von Co als CoO+ kann die Interferenz von CaF+ abgetrennt 
werden. Die Effizienz dieser Umsetzung ist ausreichend, um Co in CaF2 im 
mg/kg-Bereich zu bestimmen.  
Die DRC bietet eine gute Möglichkeit um spektrale Interferenzen in der ICP-MS 
mit unterschiedlichen Probenzufuhrsystemen zu reduzieren. Damit kann der 
Anwendungsbereich dieser Methode signifikant erweitert werden. 
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1. Introduction 
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1.1. Background of Research 
Inductively coupled plasma mass spectrometry (ICP-MS) is widely used for 
elemental and isotope determinations in almost every area of chemical analysis 
today because of its great detection power and high speed of analysis(1). Spectral 
interferences, nevertheless, remain a major obstacle before the reliable 
determination of a variety of elements and depend on the operating conditions 
of the instrument and the sample composition. The introduction of reaction and 
collision cells into commercially available instruments has opened new 
pathways to overcome spectral interferences by a chemical approach using ion 
molecule reactions(2) as opposite to physical high mass resolution.  
The perspective of resolving analyte ions from interferences by controlled 
chemical reactions is especially attractive because it utilizes ion molecule 
reactions that are highly selective, without compromising elemental sensitivity. 
It furthermore may allow to resolve interferences that require mass resolving 
powers that are beyond the capabilities of ICP-MS instruments available today.  
It was the aim of this work to determine the influence of the operating 
parameters of the dynamic reaction cell (DRC) on the performance of ICP-MS 
for the analysis of elements that suffer from polyatomic or isobaric 
interferences. The studies were conducted with a view to: a) the development of 
analytical methods that include elements that are interfered by typical plasma-
based background ions and b) specific methods for the determination of 
elements that suffer from spectral interferences in a specific matrix only.  
A special focus of the work has been laid on applications that are characterized 
by discontinuous or time-dependent analyte signals, for example when laser 
ablation is used for sample introduction. Time resolution is an important 
parameter in this application and the influence of the gas-filled DRC on the 
multi-element capabilities of the ICP-MS is an important factor. 
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1.2. The Inductively Coupled Plasma Mass Spectrometer 
More than two decades after its invention by Houk and co-workers in 1980(3) the 
inductively coupled plasma mass spectrometer (ICP-MS) is now a routine 
technique for elemental and isotopic analysis. Even though the principal set-up 
of an ICP-MS has not undergone drastic changes during this period, significant 
improvements were achieved in terms of sensitivity, robustness and ease of 
use(4-8). The key features of ICP-MS can be summarized as: very low limits of 
detection for most elements, multi-element detection capabilities, high sample 
throughput, isotopic information, and a wide linear detection range from sub-
pg/g to mg/g concentrations(1,6). This makes ICP-MS attractive for applications 
ranging from ultra-trace analysis in the semiconductor industries and clinical 
applications(9,10) through environmental monitoring of pollutants in soils, water 
and air(11-16) to the determination of elemental species in the life sciences.  
 

 
Figure 1.1: Set-up of the ELAN 6100 DRC ICP-MS, showing the arrangement of its principal 
components. 

 
An ELAN 6100 DRC was used in these studies and the components of this 
instrument are shown in Figure 1.1. A given sample introduction system 
produces an aerosol of liquid droplets or solid particles and vapor. This aerosol 
is transferred into the ICP-torch, where atomization and ionization of the 
aerosol occurs. To achieve the transition from atmospheric pressure in the ICP 
to the mass analyzer, a vacuum interface is employed, consisting of several 
pressure stages ranging from approximately 100 Pa in the first expansion stage 
to 10-4 Pa and below in the analyzer section. Mass analysis in the ELAN 6100 
DRC is carried out by using a quadrupole mass filter, but can be achieved by 
any mass spectrometer available today.  
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After mass selection, the ions are detected by an electron multiplier whose 
signals are electronically recorded and transformed into ion signals by the 
instrument software.  
 
None of the individual components is entirely separated in its operation from 
the other components of the ICP-MS and the following chapters intend to give 
an overview over the basic functions of these components and their interaction. 

1.3. Sample Introduction 
Sample introduction is considered the most important factor in obtaining 
accurate and precise results in ICP measurements(8). This holds especially true 
for ICP-MS detection, where a significant change in the plasma temperature 
may affect the absolute and relative response of different elemental ions, which 
can lead to systematic errors when analyzing samples of different composition.  
The sample introduction system of the ICP-MS instrument ideally produces an 
aerosol of: a) constant density, b) a composition that represents the original 
sample and c) small particles with a narrow distribution that allows complete 
atomization and ionization in the sampling zone of the ICP-MS interface(8). 
Realistically this is not completely achieved with any sample introduction 
system available today, forcing calibration for ICP-MS to be based on external 
calibration standards, using internal standardization to compensate for changes 
in the sample introduction and the ionization efficiency. Other approaches 
include standard additions or isotope dilution methods where the sample 
introduction is assumed to have an identical influence on a given element in 
standards and samples.(17,18) 
The density and structure of the aerosol (given by the mass of sample that 
reaches the ICP and the carrier gas flow used) can vary due to changes in the 
conversion efficiency of the sample introduction system, which in general 
depends on the physical properties of the sample (density, surface tension, 
vapor pressure, viscosity, etc.)(8,19-23). Despite this limitation, the success of 
ICP-MS in elemental analysis shows that the technique is sufficiently robust to 
achieve reliable and accurate results for a large number of applications.  
A variety of sample introduction systems have been developed to transform a 
given sample into an aerosol that can be atomized and ionized within the ICP. 
Because the ICP is a discharge that operates under a continuous gas flow, the 
residence time of the sample inside the ion source is only on the order of a few 
milliseconds. This places some restrictions on the structure of the aerosol: a) the 
particle or droplet size should be small enough to ensure complete conversion 
of all sample compounds into elemental ions in the ICP(21,24,25) and b) the total 
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sample load in the ICP must not cause significant changes in the ionization 
temperature(26). A typical liquid sample introduction system for the ICP is 
shown in Figure 1.2. The sample is pumped at a typical uptake rate of 1 mL/min 
flow to the aerosol generator (nebulizer), where it is mixed with a high-speed 
carrier gas in specially designed cross- or parallel-flow nozzles (gas flow: 0.5 – 
1.5 L/min). The following spray chamber removes large droplets from the 
aerosol stream and in most cases removes more than 90% of the originally 
produced aerosol(27).  
 

 
Figure 1.2: Set-up of a pneumatic nebulizer and Scott-type spray chamber, used in ICP-
measurements 

 
High efficiency nebulizers (HENs) or micro concentric nebulizers (MCNs), 
which can operate at reduced sample uptake rates (< 0.2 mL/min), are becoming 
increasingly popular, especially for applications where only small quantities of 
sample are available. Nebulizers of this type are used in conjunction with a 
spray chamber(28) or can be inserted directly into the ICP-torch (direct injection 
HEN, DIHEN)(29-31) to minimize sample dispersion and washout times. An 
increase in efficiency is, however, achieved by decreasing the nozzle diameters, 
making the nebulizer more prone to clogging from un-dissolved particles in the 
sample.  
The highest sample introduction rate is probably achieved by ultrasonic 
nebulization(32). Because of the high sample uptake rates of such a nebulizer, 
desolvation of the aerosol is necessary in order to reduce the solvent load in the 
ICP(33-35).  
Electrothermal vaporization of either solid or liquid samples has also been 
investigated for sample introduction in ICP spectrometry(36,37), because it allows 
the separation of analyte elements and potential interferences from the solvent 
or matrix elements on the basis of their vaporization temperatures. A furnace is 
loaded with the sample and a temperature profile is ramped to first remove the 
solvent and subsequently vaporize the sample material. The vapor is 
transported to the ICP and gets ionized. Depending on the furnace temperature 
and volatility of the species present, the analyte concentration changes with 
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time and gives rise to one or more transient peaks during the ICP-MS 
measurement.  
Nebulization of solutions is most widely used for sample introduction in ICP-
MS measurements. This is mainly because calibration standards can be fairly 
easily prepared from synthetic solutions in almost any concentration and matrix 
composition. The major drawback when using solution nebulization, however, 
is that the majority of samples are solids, which require digestion before being 
introduced into the ICP by solution nebulization. This dissolution step requires 
reagents, increases sample preparation time and is accompanied by the dilution 
of the original sample. Especially when targeting at ultra-trace analysis in the 
sub µg/g range, the purity of reagents, laboratory environment and sample 
preparation equipment is an important factor in cost and labor.  
These limitations have long triggered the search for direct solid sample 
introduction systems, such as spark ablation(38,39) and laser ablation(40-42). Spark 
ablation is restricted to electrically conductive samples and provides 
comparably low spatial resolution, while laser ablation is potentially applicable 
to any solid sample for quantitative analysis at high spatial resolution. A more 
detailed discussion on the consequences of the use of laser ablation for sample 
introduction is given in chapter 1.8.  

1.4. The Inductively Coupled Plasma as Ion Source 
Despite the fact that the ICP was first used as a source for atomization and 
excitation in optical spectroscopy(43), it became obvious that the high degree of 
ionization for many elements would be advantageous also for mass 
spectrometry and attempts were made to achieve ion transmission from the 
atmospheric source to the high vacuum mass analyzer(3,44).  
 

 
Figure 1.3: Schematic view of an ICP-torch arrangement with the locations of sampler and 
skimmer cones from the MS-interface. 
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The possibility to operate an ion source at atmospheric pressure promised a 
comparably easy coupling to various types of sample introduction systems, 
and, for the first time, allowed the direct analysis of solutions by mass 
spectrometry.  
The Scott-Fassel-type ICP-torch(45), most commonly used in ICP-MS, consists of 
an induction (“load”) coil, wrapped around a quartz-torch usually made from 
three concentric tubes of specific dimensions (see Figure 1.3).  
Argon gas flows through all three tubes at different flow rates and a high 
voltage radio-frequency (Rf) current is applied to the induction coil. The Rf-
frequency of the ELAN 6100 DRC is 40.68 MHz and the incident power can be 
adjusted between 600 watts to 1500 watts, depending on desired plasma 
temperature. 
After initial ionization of argon atoms by an external discharge, ions and 
electrons couple to the electromagnetic fields in the torch and become 
continuously accelerated. Collisions of mainly electrons with neutral species 
lead to the release of more electrons and ions, which sustain the plasma(46). 
The gas flows in the torch are adjusted so that the plasma becomes toroidally 
shaped(45). The outer gas has the highest flow rate (15 – 20 L/min) for cooling the 
outer quartz tube for preventing it from melting. The central gas flow carries 
the aerosol to the ICP and is adjusted so that it pushes through center of the 
plasma. The intermediate gas flow (0.7 – 1 L/min) is adjusted so that the plasma 
is separated from the inner quartz tubes to avoid erosion of the torch. The 
stability of the plasma is achieved by balancing the input power from the load 
coil to the energy that is removed by the heated gas and absorbed by 
atomization and ionization of the aerosol. It is obvious that the ICP is not 
characterized by a highly homogenous temperature distribution(8). Large 
gradients exist axially (i.e. in the direction of the torch) and radially (i.e. from 
the center outwards). The hottest part of the ICP is located within the torus 
formed inside the induction region and consists mainly of neutral Ar, Ar+-ions 
and electrons(47,48). The central channel contains mainly neutral Ar (≈1018 cm-3), 
Ar+-ions (≈1015 cm-3) and electrons and the sample aerosol(49).  
Atomization and ionization of the sample material consumes a significant 
portion of the energy available in the central channel, thus the temperature is 
significantly lower than in the hot plasma torus. Ionization of an element is 
predominantly occurring via electron impact(49) and charge transfer with 
Ar+(50,51). At a carrier gas flow of 1 L/min, the residence time of the aerosol inside 
the ICP is of the order of 3 ms before reaching the interface to the mass 
spectrometer. This explains why the aerosol particles or droplets should be 
sufficiently small when reaching the ICP(22).  
Assuming a partial local thermal equilibrium within the ICP, the degree of 
ionization (DOI) can be estimated from the Saha equation(52): 
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Equation 1.1: The Saha equation. 
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According to this, 51 naturally occurring elements in the periodic table can be 
ionized to more than 90 % at a temperature of 7500 K and an electron number 
density of 1015 cm-3 (Figure 1.4). Only 9 elements are ionized to less than 1 %. 
Formation of multiply charged ions is expected to occur at significant amounts 
only when the second ionization potential is lower than that of Ar (15.6 eV, see 
also Appendix 7.1), which in this context acts as an ionization buffer(53).  
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Figure 1.4: Percentage degree of ionization for singly charged (E+) and doubly charged (E2+) ions 
(displayed as %E+ / %E2+) of naturally occurring elements in the ICP at a Temperature of 7500 K 
and an electron density of 1015cm-3. Values in brackets are estimated values for elements where 
the partition function is not exactly known. p indicates that doubly charged ions may be 
expected due the second ionization energy of the corresponding element. Adapted from 
Houk(52). 

 
Nonetheless, some variation in the experimentally observed relative DOI 
occurs. This can be attributed to temperature variation, the formation of 
molecular ions or incomplete dissociation(54), because the calculation is strictly 
valid only if all elements are present as atoms in the ICP. Furthermore the axial 
position in the ICP, where full atomization occurs, does not necessarily coincide 
for all elements(55). The sampling position of an ICP-MS (i.e. the position, where 
the ions are extracted into the ion optics) is located typically 5 to 10 mm 
downstream from the load coil, where refractory elements with high M-O bond 
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energies may not be dissociated completely(54,56) or may have recombined in a 
cooler plasma region close to the sampler cone. Addition of molecular gases 
(N2, H2)(57-60) or the addition of minor amounts of organic solvents(61) to the 
plasma gas has been reported to enhance energy transfer from the plasma to the 
sample aerosol leading to higher elemental sensitivity and reduced formation of 
metal-oxide ions. In a similar manner, the addition of water vapor was found to 
increase the elemental sensitivity in ICP-MS for a dry sample aerosol generated 
by laser ablation(62,63). It is, however, also possible that observed effects are due 
to a secondary discharge that occurs at different intensities for dry and wet 
aerosol introduction. The secondary discharge results from capacitive coupling 
between the high voltage applied to the load coil and the plasma, which 
increases the electric potential of the plasma and induces an electron current 
towards the sampler(64-66). The magnitude of this potential has been found to be 
between < 10V and > 100V, depending on the configuration of the Rf-power 
supply(65) and ICP-torch(67). Even though this discharge may deliver additional 
energy for ionization of elements and dissociation of molecular species(47), it also 
increases the ions` energy spread and causes erosion from the sampler orifice(68). 
On the ELAN 6100 this discharge should be reduced by applying high voltage 
of identical phase to both ends of the coil and virtually grounding the coil at the 
center(65). Other approaches include the insertion a metal shield between the coil 
and the torch(69,70) or interlacing two coils which are driven with Rf-voltage of 
opposite phase(71,72).  
Even if not strictly valid, the DOI according to the Saha equation gives a 
reasonably good picture of the relative elemental sensitivities observed in an 
ICP-MS instrument.  

1.5. The Vacuum Interface and Ion Optics 
Differential pumping stages are employed in the vacuum interface to achieve 
the transition from atmospheric pressure to ≤ 10-4 Pa for mass analysis. The first 
stage, often referred to as the interface, is evacuated by a high capacity rotary 
vane pump, maintaining a pressure of typically 10 Pa to 30 Pa for the ELAN 
6100 DRC. The plasma enters the interface through the sampler cone, holding 
an aperture 1.14 mm diameter. The flow through this orifice can be described as 
an adiabatic supersonic expansion(73-75). During this expansion, the plasma is 
continuously accelerated to several times the speed of sound in the surrounding 
medium. A shock wave breaks down the uniform expansion at the boundaries 
of this expansion, which enclose a “zone of silence”(73,76) where the plasma 
expands without significant distortion by the surrounding gas.  
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To extract the ions from the interface into the ion optics, a sharp tipped 
skimmer with an orifice diameter of 0.8 mm is employed. The skimmer-cone 
orifice is placed just into the zone of silence such as that in a Campargue source 
for molecular beams(77). Due to the relatively large dimensions of sampler orifice 
and interface dimensions, compared to the mean free path and Debye length in 
the expanding plasma, it is considered to be electrically neutral at the point of 
skimming(73).  
Evacuation of the ion optics region is achieved by a turbomolecular pump with 
a capacity of several 100 L/s, maintaining a pressure between 0.01 Pa and 0.1 Pa. 
The mean free path after the skimmer can reach several cm and the motion of 
particles becomes better characterized as molecular flow(73). As the 
electroneutrality of the plasma ultimately breaks in the vicinity of the ion optics 
the trajectories of the ions become affected by electrical fields and their motion 
becomes independent from the bulk gas flow(78). Due to the net positive charge 
of the ion beam at this stage, electrostatic repulsion between the ions becomes 
increasingly important(76,79). Ions of small m/z are repelled further from the 
centerline of the ion beam by this space charge effect due to their differences in 
momentum. The ion optics are designed to achieve two conditions: a) 
maximizing the transmission of ions of all m/z values to the entrance aperture 
of the mass analyzer and b) shadowing the detector from energetic photons to 
reduce background intensities. While the latter is achieved by geometric 
considerations, focusing of ions is a function of the ion kinetic energy and mass 
to charge ratio. Electrostatic systems are widely applied, using either a shadow 
stop configuration(3) to eliminate light transmission or an offset configuration of 
the ion lens(80). Because the plasma is sampled by the skimmer in a region of the 
free-jet flow, the average velocity and the velocity spread of the species are to a 
first approximation identical to those of the bulk plasma at the point of 
skimming(73). As a consequence the ion kinetic energy becomes dependent on 
mass.  
Electrostatic fields of an ion lens assembly therefore affect the trajectories for 
ions of different m/z differently and the focusing of all ions, which are 
differently affected by the energy spread and space charge effects, to the 
entrance of the mass analyzer becomes a challenge(76). The ion lens system of the 
ELAN 6100 DRC employs a single cylindrical lens, whose voltage is ramped in 
concert with the mass analyzer to provide optimum focusing for the currently 
analyzed m/z(81).  
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1.6. Mass spectrometers 
Almost every type of mass spectrometer has been used in conjunction with the 
ICP ion source. The first instruments used quadrupole mass filters (QMS)(3,44) 
after Paul(89) for mass analysis, which are still the most common systems in ICP-
MS. Sector field instruments (SFMS)(82) (sometimes also referred to as high 
resolution mass spectrometers (HRMS)) and recently also time-of-flight mass 
spectrometers (TOFMS)(83-85) and ion trap (ITMS)(86,87) have also been coupled 
with ICP`s and have become available commercially. A Fourier transform ion 
cyclotron resonance mass spectrometer (FTICRMS) has been connected in a 
laboratory experiment(88). The task for the mass spectrometer is to isolate ions of 
given m/z in time or space from the raw ion beam. The mass resolution, ion 
transmission, capacity and duty cycle are the characteristic differences between 
the individual systems.  
 

The Quadrupole Mass Spectrometer 
The ELAN 6100 DRC uses the quadrupole mass filter, which basically consists 
of four metallic rods assembled in parallel on a square base (Figure 1.5). The 
rods ideally have a hyperbolic shaped cross-section and are made from 
precisely machined, gold-plated ceramics to ensure low thermal expansion and 
vibrations, which would affect the mass resolution and transmission of the 
device. Mass selection is achieved by applying an oscillating potential (V) 
superimposed onto a dc potential (U) on the four rods. The potentials at 
neighboring rods are set so that the ac-component is shifted in phase by 180° 
and the dc component is of identical amplitude but opposite polarity. The 
resulting potentials are shown schematically in Figure 1.5.  
 

 
Figure 1.5: Arrangement of the quadrupole rods and the applied potentials for U/V = 0.3. 
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Depending on the operating parameters for the quadrupole (voltages U and V, 
the oscillating frequency ω/2π and the inscribed radius r0) a quasi-stationary 
“effective potential”(90) can be assigned to each m/z. The effective potential has a 
minimum at the center of the quadrupole axis with a quadratic increase 
towards r0. An ion can be confined within this potential when its radial kinetic 
energy is smaller than its effective potential. Because the ion motion parallel to 
the axis of the quadrupole is not affected, the confined ions will travel through 
the length of the quadrupole and can be detected. Whether or not an ion has 
stable trajectories in the quadrupolar field can, for the ideal field of infinite 
length, be calculated through its Mathieu parameters a and q (Figure 1.6). Ion 
transmission is possible when the parameters a and q fall into the stability 
region of the quadrupole. When a and q lie outside the stability region, the ion 
can overcome its effective potential and will be lost. The mass analyzing 
quadrupole is operated in the top corner of the first stability region near a=0.24 
and q= 0.706, where a mass resolution m/∆m of 300 can be obtained.  
 
Equation 1.2: Mathieu stability parameters for the quadrupole. 
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Figure 1.6: 1st stability region of the quadrupole mass filter and definition of the Mathieu 
parameters a and q and. Insert shows the position of neighboring m/z in the a-q plane when the 
quadrupole is operated for analysis of 238U+. 

 
When used with ICP-sources, the quadrupole mass filter is commonly operated 
close to unit mass resolution, i.e. the resolution m/∆m is steadily increased 
when scanning from low to high m/z while holding the peak width at 0.7 to 0.8 
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amu at 10% of the peak height. Ion signals are acquired either by continuously 
scanning the mass range or by directly jumping to the next measurement 
position (usually the peak top). The scanning mode provides more detailed 
information about the mass spectrum but requires more time for the analysis(8). 
In the peak-jumping mode higher scan frequencies can be obtained, resulting in 
a higher duty cycle (i.e. the ratio of the time used for analysis of one isotope to 
the total scan duration). It also reduces the acquisition time and increases the 
signal to noise ratio because all signals are recorded at the peak top. The 
quadrupole settling time, i.e. the time required for stabilizing the quadrupole 
field after a mass jump, can be adjusted between 0.2 to 3 ms. The shortest 
settling times are of advantage when highly correlated ion signals are being 
acquired but the reproducibility of large mass jumps can deteriorate. 
Therefore, even though the QMS is a sequential analyzer, measurements can be 
carried out quasi-simultaneously, provided that the ion signals are sufficiently 
stable during the scan period (2 ms to 500 ms, depending on the number of 
isotopes and acquisition time). The sequential nature of the measurements, 
however, remains a limiting factor in applications where very short transient 
signals need to be followed for a large number of elements or when isotope 
ratios need to be determined with a precision better than 0.05%(91).  
 

Other Types of MS  
 
Sector-Field MS 
The circular motion of charged particles in a magnetic field can be used to 
separate ions of different m/z and the very first mass spectrometers used by J.J. 
Thomson and co-workers were magnetic sectors.  
 

 
Figure 1.7: Set-up of a double-focusing sector field mass spectrometer (Nier-Johnson 
arrangement). The electric sector focuses ions of identical energy (E) at a different radius, while 
the magnetic sector focuses ions according to m/z. E1 < E2, m/z1 < m/z2 
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The mass resolution that can be achieved in a double focusing arrangement, 
which employs an additional electrostatic sector, is far above the range of a 
quadrupole operated in the first stability region. ICP-SFMS instruments can 
provide a mass resolution m/∆m of 9000 and higher(82,92,93), which allows the 
resolution of a large number of spectral interferences occurring in ICP-MS. The 
principal set-up of a double focusing system of Nier-Johnson geometry is 
shown in Figure 1.7.  
When operated at low resolution settings (m/∆m ≈ 300), the elemental 
sensitivity of sector field instruments is approximately 10 times higher than 
when using a quadrupole mass filter(6,94) but a comparably long settling time is 
required to stabilize the magnetic field during a mass scan, which reduces the 
duty cycle. Recent developments, however, achieve very short settling times for 
the magnet, which leads to significantly faster mass scans(95). Highly precise 
isotope-ratio measurements can be achieved with a sector-field MS when the 
multiple detectors are placed in the focal plane at the exit of the MS. This allows 
a highly correlated acquisition of the signals from different isotopes over a 
limited mass range and is state of the art instrumentation for isotopic studies in 
geochronological, environmental and medical applications(96-98).  
 
Time of Flight MS 
A time of flight mass spectrometer makes use of the different velocities of ions 
of different mass that carry the same amount of kinetic energy. The ions are 
accelerated by an electrical pulse and travel a certain distance in a field free 
region towards the detector. The time required for an ion to travel over this 
distance is then used for the determination of its m/z. ICP-TOF mass 
spectrometers allow high scanning frequencies with up to 20.000 spectra per 
second, thus making it an ideal tool for following transient signals such as from 
laser ablation(84,99).  
 

 
Figure 1.8: Set-up of a time of flight mass spectrometer. Adapted from Mahoney et al(85). 

 
When using analogue signal acquisition, the TofMS collects signals from all ions 
in each extraction pulse. The duty cycle is then independent of the number of 
isotopes to register and depends only on the ratio between extraction pulse 
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length and flight time for the heaviest ion to be registered. Even though 
scanning QMS or SFMS may achieve a higher duty cycle, for a small number of 
isotopes(99), the TOFMS achieves a higher correlation of the signals because all 
ions in a given spectrum are sampled in a very narrow ionization period, 
opposite to the scanning systems where the ions of different m/z are sampled 
sequentially.  
 
Ion Trap MS 
The quadrupole ion trap is, in a sense, a circular version of the linear 
quadrupole mass filter. It consists of a ring and two hyperbolic-shaped end caps 
as electrodes (see Figure 1.9). Ions enter the trap through a hole drilled into one 
end cap and can be confined in three dimensions within a field that is created 
by the oscillating potentials applied to the electrodes (hence “ion trap”). A bath 
gas (usually He) is present within the trap at low pressure to cool the ions 
through collisions(101). Stability conditions are identical to the linear quadrupole 
but higher mass resolution (m/∆m > 3000) should be expected without a trade-
off in sensitivity. 
 

 
Figure 1.9: Set-up of an ion-trap mass spectrometer. Adapted from Barinaga et al(100). 

 
The space charge limit of the ion trap however is approximately 104 for current 
instrumentation(86,87) so that the filling time needs to be adjusted to the current of 
the ions of interest. Thus, increasing the number of isotopes measured 
simultaneously is only possible at the expense of sensitivity or dynamic range, 
especially when the analyte concentrations differ greatly.  
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1.7. Ion Detection  
Since ions carry an electrical charge the simplest way to measure their intensity 
is to place a metal electrode (“Faraday cup”) into the ion beam and measure the 
current that is required to discharge the ions. The measured current is then 
directly proportional to the flux of ions in the beam and their charge state:  
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A Faraday cup allows the measurement of ion currents below one pA (10-12 A) 
with sufficient signal to noise ratio, corresponding to a flux of ≈ 107 singly 
charged ions per second.  
Secondary electron multipliers (SEMs) are used for amplification of smaller ion 
currents from the ICP-MS and increase the sensitivity of the mass spectrometer 
by more than 5 orders of magnitude. SEMs can be used for direct current 
measurements (analogue mode) or for counting electric pulses that develop 
after the impact of an ion (pulse counting mode). In the pulse counting mode it 
is possible to discriminate against signals from unspecific sources by the height 
of the pulse and is better suited for recording low ion signal intensities. The 
readout of the pulses, however induces a “dead-time”, i.e. a period during 
which a following pulse cannot be registered. This period is in the range of 35 to 
50 ns for the discrete dynode SEM (ETP, model 14210) used in the ELAN 6100 
DRC. Dead time leads to a loss of the registered pulses, which is increasing with 
count rates. A mathematical dead time correction(102) is used to account for this 
effect until count rate of 2×106 counts per second (cps) is reached, where the 
fraction of “missed” pulses at a dead time of 50 ns reaches 10% of the counts 
registered. At higher ion signals analog detection can be applied to extend the 
dynamic measurement range. The analog current can be measured at an 
intermediate dynode where a part of the electron beam is split between a 
dynode and a faraday cup(103). At this stage the electric current produced at high 
ion intensities is only moderately amplified and can be reproducibly detected 
simultaneously with the pulse counting signals. This is used to extend the 
dynamic range by 3 orders of magnitude over the pulse counting range(104). 
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1.8. Laser Ablation for Sample Introduction in ICP-MS 
Parts of this study were carried out using laser ablation for sample introduction 
and the operating principles and characteristics of this technique shall be 
outlined briefly in the following section. 
 
Laser ablation was applied for direct sample introduction of solids very soon 
after recognizing the enormous detection capabilities of the ICP-MS(40). The 
studies were driven by the dream to have a method at hand that would allow 
the sensitive determination of elements in all solid samples without laborsome, 
potentially erroneous and time-consuming sample preparation. The potential 
advantages of laser ablation for sample introduction are manifold: 1) sample 
preparation is reduced to fitting the sample into the ablation cell, 2) the absence 
of solvents and acids used for digestion reduces the risk of contamination and 
spectral interferences and 3) elemental and isotopic information can be obtained 
with spatial resolution of several 10 µm, with limits of detection and at a speed, 
which no other technique available could provide.(41,105) 
All of these dreams have to some extent come true even in the very early stages 
of the technique. Different geometries of ablation cells have been used(40,41), each 
with particular characteristics but in general always capable of carrying a given 
type of sample and providing an airtight volume where ablation can be carried 
out. Sample preparation could be reduced to a minimum by providing a flat 
sample surface after cutting or minor polishing and the use of chemicals could 
be reduced to eventually etching the sample surface with mild acids to remove 
surface contaminations. The absence of solvents during sample introduction 
reduces some potentially interfering species from the ICP and lead to clearer 
mass spectra since the abundance of especially O in the sample aerosol could be 
reduced to ppm levels. A spatial resolution in the range of a few µm can be 
achieved with laser ablation systems for elemental analysis today(106). Even 
smaller spot sizes (< 200 nm) may be obtained using special capillary irradiation 
techniques(107), at the expense of ablated mass and sensitivity, at least for 
elemental trace analysis.  
The spatial resolution available today is sufficient to allow for zonation studies 
in minerals and inclusion analysis on the µm scale with good sensitivity and 
reproducibility(42,108-110). Compared to techniques that provide higher spatial 
resolution like secondary ion mass spectrometry(111) and X-ray techniques, such 
as the electron or proton microprobe(112), laser ablation provides equivalent or 
better sensitivity and the possibility to present the samples under atmospheric 
pressure for analysis, which significantly reduces the measurement time(113). 
 
It took, however, more than a decade for LA-ICP-MS to become accepted as a 
routine method for solid samples analysis(113,114). This was mainly because 
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quantitative results, based on a calibration using external standards could not 
be achieved as easily for samples of different bulk composition as with the 
routinely used solution nebulization(115-117). Elemental sensitivity varies 
significantly between different types of samples and even during continuous 
ablation of one sample a change of relative intensities for different elements was 
observed. This process was subsequently described as “elemental fractionation 
during laser ablation”(118). Several studies were carried out to describe this 
phenomenon(117,119-128) and it was found that on the basis of their fractionating 
behavior one could roughly group several elements together into the three 
Goldschmidt classes of the “siderophile”, “lithophile” and “chalcophile” 
elements(117).  
The problem is exacerbated because of a) the transient nature of the ablation 
signal and b) different ablation rates (i.e. the amount of sample transported to 
the ICP with each ablation pulse) for different matrices. With respect to this it is 
obvious that external calibration is difficult when the response of one element 
(e.g. the internal standard) exhibits a transient signal structure that is different 
from the analyte. Despite this drawback it was possible to do quantitative 
analysis for elements that behave similarly (i.e. were from the same 
Goldschmidt-group) with great success(129). Due to this the greatest acceptance 
of the technique was found amongst geochemists who saw the possibility for 
rapid, accurate and spatially resolved trace element analysis in geological 
materials(109,118, 119,130-158).  
Elemental fractionation appears to be partly caused by the ablation process 
itself. The process of ablation is a complex one and is affected by a number of 
variables(159,160): laser wavelength(121,124,161,162) , energy(163) and pulse duration(42), 
crater size(121,127,145) and beam homogeneity(106,164) as well as the ablation 
environment(121,165) and sample composition(166). In LA-ICP-MS it was found that 
the initially used IR (e.g. Nd:YAG, at 1064 nm) or visible light (e.g. Ruby, at 694 
nm) lasers produced significantly more elemental fractionation than when UV 
(e.g. quadrupled / quintupled Nd:YAG lasers at 266 nm / 213 nm and ArF-
excimer lasers at 193 nm, resp.) were used(106,121,162). This led to the conclusion 
that the transition from a thermal regime for IR lasers to a “cold” photon 
induced process by UV-lasers(167,168) improved the ablation characteristics in the 
sense that a stoichiometric removal is improved when the sample does not 
undergo an extensive transformation by heating during the ablation event.  
A further reduction of elemental fractionation is achieved when a homogenized 
UV-laser beam with a “flat top” energy distribution over the ablation is 
used(106,164). It is attributed to a more uniform laser-sample interaction, which 
ensures that the aerosol in the first instance is formed by identical processes 
independently of the position inside the ablation spot.  
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Recent investigations indicate that the ICP ion source also has an influence on 
elemental fractionation, which is attributed to a particle-size dependent 
vaporization of the material and leads to a change in the relative elemental 
sensitivity(161,169).  
The ablation environment appears to have a significant influence on the particle 
size distribution and the reduced elemental fractionation observed during the 
ablation of non-metallic samples by a 193 nm ArF-excimer laser in a helium 
atmosphere(121,165) is at least partly attributed to the smaller average particle size 
produced(169,170).  
 
 

Set-Up of the Laser Ablation System 
The laser ablation system used in this work was the GeoLas M from Microlas 
GmbH (Göttingen, Germany), which employs an ArF-excimer laser (Compex 
120, Lambda Physik, Göttingen Germany), emitting at a wavelength of 193 nm 
and beam homogenization incorporating two fly`s eye lenslet arrays. A detailed 
description of the set-up can be found elsewhere(106). A system overview is 
presented schematically in Figure 1.10.  
 

 
Figure 1.10: Arrangement of the components in the GEOLAS M laser ablation system. 

The laser light is divided into individual fractions, which are superimposed at 
an image plane (Figure 1.11)(106,171) and the homogenous field is imaged to the 
sample surface with 25-fold demagnification using a Schwartzschild objective. 
Interchangeable apertures of different size are placed in the image plane and 
used to adjust the ablation spot size between 4 µm and 120 µm without 
changing the energy density at the sample surface. A CCD-camera and a 
microscope are employed for visual targeting of the ablation spots and for 
observation of the ablation process.  
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Figure 1.11: Functionality of the fly`s-eye lenslet arrays for beam homogenization in the GeoLas 
M laser ablation system. The field at the aperture is imaged onto the sample surface with 25-
fold demagnificantion.  

 
The excimer laser produces pulsed laser light at repetition rates up to 100 Hz, 
depending on the discharge voltage, which is used to adjust the laser energy. 
The maximum energy output is 210 mJ and can be achieved for repetition rates 
up to 10 Hz. At this output energy, the sample surface is irradiated with an 
energy density of 35 J/cm2 (irradiance: 21 GW/cm2), which is sufficient to 
achieve a controlled ablation even in highly transparent materials as optical 
grade quartz and CaF2(106).  
 
 

Ablation Cell Designs 
Two new sample chambers for the laser ablation system were devised and 
tested during this work. A big ablation cell has been designed for routine 
applications and allows a fast and convenient exchange of samples placed in the 
cell and incorporates an automated seal before the aerosol outlet to the ICP 
when the cell is opened for sample change (Figure 1.12). The seal replaces 
conventionally used three-way valves in the carrier gas supply, which are prone 
to contamination and increase the signal dispersion.  
When turning the top part of the cell against the base for opening, an inner 
PTFE-ring moves over the exit aperture and prevents entrainment of air from 
the open cell in the connection to the ICP. During the turn a third gas outlet (not 
visible in Figure 1.12) opens to prevent pressure build-up in the cell. This outlet 
furthermore serves to flush the sample chamber with the carrier gas when the 
cell-top is placed back over the base. Before turning the cell-top back to the 
closed position, the cell is flushed for 5-10 seconds with the carrier gas. During 
the closing turn, the PTFE seal opens the connection to the ICP again and finally 
seals the flushing outlet. The internal volume of this cell is 63 cm3 and can hold 
samples that are up to 50 mm in diameter. The cell has been realized through 
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the ETH-workshop, has recently become commercially available and is already 
used with several laser ablation systems worldwidea.  
 

Aerosol Out Carrier Gas In 

Top Window 
Cell-Top 

Cell-Base 
Bottom Window PTFE-Seal 

 
Figure 1.12: Cross-section of the big ablation cell with automatic seal. 

 
 
A second cell (microcell) with reduced internal volume and multiple gas inlets 
was constructed to realize an ablation chamber with minimized aerosol 
dispersion (Figure 1.13).  
 

 
Figure 1.13: Schematic view of the microcell with five radial gas supply lines for minimized 
aerosol dispersion. 

 
This microcell has a chamber volume of 0.25 cm3 and the gas flow from the 
radial gas inlets is directed to the center point at the sample surface to remove 
the ablated mass from the ablation spot rapidly. The transient signal structure 
obtained with this cell when using a carrier gas flow of 1.1 L/min and a 
transport tubing of 6 mm inner diameter and 500 mm length is shown in Figure 
1.14. The full width at half maximum (FWHM) is 160 ms and the signal drops in 
less than one second by three orders of magnitude.  

                                                 
a University of Lausanne, Geological Survey of Norway, University of Xi-an 
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The low dispersion attainable by such a small cell volume and the directed gas 
injection furthermore leads to enhanced transport efficiency when compared to 
the large-volume cell. Figure 1.14 B shows the transient signals obtained when 
firing the laser under identical conditions (20 µm spot size, 2 Hz repetition rate, 
21 J/cm2, 1.1 L/min He as carrier gas) on a glass sample placed in either of the 
cells.  
 

 A  B 

 
Figure 1.14: Signal structure for a single laser shot as obtained using the microcell when 
ablation is carried out in 1.1. L/min He (A). Insert displays the signal in log-scale, showing the 
fast washout of aerosol. The microcell provides a higher average signal for a series of 200 laser 
shots (right) under identical ablation conditions (SRM NIST 610, 20 µm spot size, 2 Hz laser 
frequency, 1,1 L/min carrier gas flow, B) when compared to the large-volume ablation cell (only 
the first 16 shots are shown). 

The average signal obtained for 27Al+ when using the microcell is almost 20% 
higher when compared to the big ablation cell, which indicates that re-
deposition of ablated material inside the ablation cell is reduced by high gas 
velocities inside the ablation chamber. The transient signal of the bigger cell 
shows is furthermore characterized by a slow increase at the beginning of the 
ablation, which is attributed to a greater dilution of the aerosol, caused by a 
wider distribution of the aerosol into the greater volume of the cell at the 
beginning of the ablation process.  
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1.9. Interferences in ICP-MS 
As mentioned in the previous sections, interferences are of a major concern in 
ICP-MS measurements because the mass resolution is either not sufficient to 
resolve spectral overlaps (see Appendix 7.2, 7.3 and 7.4) or because of non-
spectral interferences(8,172-176). While spectral interferences always lead to 
positively biased ion signals, non-spectral interferences occur in both 
directions(177). Signal suppression dominates but signal enhancements are also 
observed.  
 

Non-spectral Interferences 
Non-spectral interferences can be caused by the sample introduction system, 
ICP, interface and ion optics and often occur in variable degrees in all these 
stages together. Non-spectral interferences are often also referred to as matrix-
effects(8) and further distinguished as reversible and non-reversible matrix 
effects(18). Non-reversible effects can originate from deposition of solids a) in the 
sample introduction system, leading to partial or full blockage of the nebulizer 
nozzles or the central channel of the ICP-torch, b) on the sampler and skimmer 
cones, leading to changes in the transmission of the ion beam in the interface of 
the MS and c) in the ion optics, where they cause a change of the focusing 
electrostatic fields(173,177-179). These deposits are in most cases occurring when 
highly concentrated samples are presented to the ICP-MS(41,179), and cause a 
change in the elemental sensitivity with time, which can be monitored by 
frequently analyzing control samples of known composition.  
Reversible matrix effects occur when the elemental sensitivity changes between 
different samples because of variations in the amount of aerosol produced per 
unit time, a shift in the ionization equilibrium in the ICP or a change of the ion 
number density in the ion beam, leading to different space charge effects. For 
solution nebulization this may also be caused by a change in the physical 
properties (viscosity, surface tension or vapor pressure) of the samples(20,21,180,181). 
Reversible matrix effects can be difficult to determine because they do not occur 
to the same extent in a control sample. Internal standardization is a common 
approach to monitor and eventually correct for reversible matrix effects(182-184). 
 

Spectral Interferences 
The abundance of spectral interferences in the mass spectrum does not depend 
as strongly on the total amount of sample introduced into the ICP, as on the 
sample composition. Spectral interferences occur either from direct isobaric 
overlap from isotopes of different elements or from polyatomic ions in the mass 
spectrum. At unity mass resolution, isobaric interferences are present at 66 
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masses in the mass spectrum (Appendix 7.2) and may obstruct the use of the 
most abundant isotope for analysis, unless the isobar can be proven to be 
absent. Most elements in the periodic table, however, have at least one isotope 
free from isobaric overlap, the only exception being indium, where both 
isotopes 113In and 115In are isobar with 113Cd (28.7% relative abundance) and 115Sn 
(0.36%) respectively. There are few severe isobaric interferences from the 
plasma background, the greatest problem being the 40Ar+ on the most abundant 
Ca-isotope.  
A greater challenge in the interpretation of mass spectra, however, lies in the 
occurrence of polyatomic ions(8,56). The abundance and composition of these 
species vary strongly with the composition of the sample and on the operating 
conditions of the ICP-MS(17,53,55,56,172,176,185-187). One can roughly group these 
interferences into plasma-based background ions and sample related 
polyatomic ions(8). The plasma-based background ions constitute the 
instrumental background when no sample is introduced and is therefore 
characterized by Ar as the plasma gas and the contribution of the heavy noble 
gases at low concentrations plus O, H, N and C. The concentration of the latter 
depends mostly on impurities in the argon gas and on the degree of air 
entrainment into the sampling zone of the plasma from the surrounding 
atmosphere(73). Thus, N2(H)+, O2(H)+, NO(H)+ and CO(H)+ species occur on Si+, 
P+, S+ and Cl+, while ArH+, CO2+, N3+, N2O+ ArC(H)+, ArN(H)+, ArO(H)+ ArNO+, 
ArN2+ and Ar2(H)+ lead to interferences on most third-row elements (K, Ca, Sc, 
Ti, Cr, Mn, Fe, Zn, Ge, Se, Br). The contribution of the individual species to the 
plasma-only background for the ELAN 6100 DRC is shown in Appendix 7.5 on 
page 135.  
When introducing a sample into the ICP, all elements present in the sample 
may in general yield polyatomic species at different rates. When solution 
nebulization is used with acidified aqueous samples, the concentrations of O, H 
and N increase drastically (i.e. from ppm concentrations in the plasma-gas to % 
levels in the aerosol). Desolvation of the aerosol is therefore often appliedto 
reduce solvent related polyatomic interferences(33,34,188-191). The concentrations 
and composition of solvent- and plasma-based interferences do not usually 
change significantly between samples unless the samples differ substantially in 
their matrix composition. Their abundance in the spectrum can therefore often 
be considered constant, basically leading to a reduced signal to background 
ratio (SBR) for interfered isotopes and accordingly higher limits of detection. 
The remaining group of polyatomic interferences is formed from elements in 
the sample and the dominant plasma constituents leading to polyatomic ions, 
mostly of the type E-Ar+, E-O+, E-OH+ and E´-E+ (E, E´: elements in the sample). 
A “simple” matrix of NaCl therefore gives rise to a series of additional 
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polyatomic ions: NaO+, Na2+, NaAr+, NaCl+, ClO+, ClOH+, ArCl+, ClO2+ and Cl2+ 
could be identified in ICP-MS using high mass resolution(192).  
The abundance of polyatomic ions in this group changes with the composition 
of the individual samples, which makes a correction by matrix-matched 
calibration standards difficult. Appendices 7.3 and 7.4 list the possible 
polyatomic interferences of the type E -40Ar + and E-16O+ together with the mass 
resolution required to seprate these ions from elemental ions of the same 
nominal m/z. 
Possible ways to deal with spectral interferences include chemical separation of 
the interferent before analysis(193), altered plasma conditions(69,194,195), high mass 
resolution(82,92,93), mathematical corrections(196,197) and the use ion molecule 
reactions before mass analysis(101,198,199). Sample dilution on the other hand 
cannot reduce the abundance of the polyatomic ion relative to the analyte ion 
because the concentration of both is affected roughly to the same extent. 
Depending on the mechanism of formation(76) the situation can rather get worse 
when E-O+ and E-Ar+ interferences are present because Ar and O are not 
equally diluted.  
Chemical separation requires extra sample preparation steps, more reagents 
and time and is usually only applied when no instrumental technique can 
achieve attenuation of the interferences to the required level(193,200,201). It may 
furthermore not be possible to separate all analytes of interest from the matrix, 
which requires sequential separation, individual analyses and again more time.  
Plasma operating conditions can be changed from the usual “hot” plasmas 
operating at Rf-powers usually above 1000 W and carrier gas flows below 1 
mL/min to so-called “cold plasma” conditions, where an Rf-power below 700 W 
and higher carrier gas flows are used. Under cold plasma conditions it is not 
possible to ionize Ar in significant amounts and the abundance of Ar-based 
polyatomic ions is thus minimized. High ionization efficiencies, on the other 
hand, can be retained only for other elements with a low first ionization 
potential and furthermore the formation of polyatomic ions of the type E-O+ 
and E-OH+ increases. Cold plasma conditions have successfully been used for 
improving the determination of Ca, K, V, Cr and Fe in ultra-pure reagents(195,202) 
but the general application to multi-element analysis is restricted.  
Mathematical corrections(196,197,203) make use of the fact that most elements and 
polyatomic ions occur at more than one isotope. The relative abundance of 
these isotopes can, with a few exceptions (Li, B, Pb and U), be considered 
constant at the uncertainty usually achieved in sequential mass spectrometers. 
One can therefore calculate the ion signal for a given isotope using another 
isotope and the tabulated (for elemental ions, Appendix 7.1) or calculated (for 
polyatomic ions) relative abundance ratio between these isotopes. A mass bias 
correction of the calculated signal is necessary to obtain the “true” interference 
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signal. This approach, however, is only reliable when the interference signal is 
small compared to the net signal of the analyte. Nonetheless, significant 
improvements are expected using this approach with computer-based 
programs for interference recognition and correction.  
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The application of gas phase reactions between ions and a neutral gas target in 
multipole reaction cells has a long tradition in mass spectrometry, ranging from 
fundamental studies on reaction mechanisms, kinetics and thermodynamics of 
ions(90,204,205) to applications in analytical chemistry.  
The first analytical applications were attained in organic mass spectrometry for 
fragmentation of molecules by collision-induced dissociation (CID)(206-208), which 
is now successfully used for the characterization of the structure of 
macromolecules like proteins with low-resolution mass spectrometers(209).  
The early investigations of collision induced dissociation (CID)(210) and charge 
transfer reactions(198) for elemental analysis, however, indicated that a careful 
control of the operating parameters and selection of the reaction gas is required 
in order to use ion molecule reactions with benefit in ICP-MS measurements.  
In CID experiments(211), the suppression of strongly bound polyatomic ions was 
accompanied by a comparable loss of analyte ions by scattering processes and 
the formation of additional polyatomic ions led to new interferences in the mass 
spectrum when reactive gases were applied(198). 
The application of ion –molecule reactions in ICP-MS usually aims at the 
suppression of spectral interferences by neutralization in a charge transfer 
reaction or at the conversion of the analyte or interfering ion to a polyatomic ion 
of different m/z. Because spectral interferences in the ICP-MS cover a wide 
range of species with very different ionization energies (RbCs+: 3.7 eV – Ar+: 15.6 
eV) and polyatomic ions with very different bond strengths (ArO+: 0.3 eV – 
NO+: 11.8 eV) a variety of reaction gases and types may be applied to resolve 
the various types of interferences from analyte ions. Ar-based background 
species are characterized by ionization energies that are higher than those of 
most analyte ions they interfere with, making charge transfer an attractive 
approach to suppress these interferences(101,198,212-214). Atom transfer reactions on 
the other hand are attractive when the ionization energies of analyte and 
interfering ion are similar or when no reaction gas of sufficiently low ionization 
energy is available(2,215,216). The selection of the reaction gas, however, needs also 
to take into account possible side reactions with ICP-ions and their reaction 
products.  
Table 2.1 gives an overview of where ion-molecule reactions have been applied 
for the attenuation of spectral interferences occurring in ICP-MS measurements. 
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Table 2.1: Published applications and examples from this work for the use of ion-molecule 
reactions for interference suppression in various matrices. E is the analyte ion, E2 lists an isotope 
that can alternatively be used for analysis, I is the interference present, m/∆m denotes the 
physical mass resolution required to resolve the interference, Gas is the collision / reaction gas 
used in the work. 

E I E2 m/∆m Gas Reference 
31P+ 14N16OH+ - 967 O2 (215) 
32S+ 16O2+ - 1800 H2/Xe 

O2 
(217) 
(215) 

39K+ 39ArH+ - 4886 He 
NH3 

(101) 
(218) 

40Ca+ 40Ar+ 42Ca, 44Ca 192100 He* 
NH3 

H2 

(101) 
(218)  
(101,219-222), this work 

51V+ 35Cl16O+ - 2572 NH3 
N2O 
He 

(218,223) 
(2) 
(101,224) 

52Cr+ 35Cl16OH+ 
40Ar12C+ 

- 
50Cr 

1672
2375 

H2 
NH3 

(219,224) 
(218,225) 

55Mn+ 40Ar15N+ 
40Ar14NH+ 

- 2247
1560 

H2 (224) 

56Fe+ 40Ar16O+ - 2502 Xe 
NH3 
H2 
He 

(198)} 
(218)  
(219,222,224), this work  
(101) 

56Fe+ 40Ca16O+ - 2479 CO (2) 
58Ni+ 23Na35Cl+ 62Ni 2490 He (224) 
59Co+ 36Ar23Na+ - 2445 He (224) 
63Cu+ 40Ar23Na+ 65Cu 2790 He (224) 
64Zn+ 40Ar24Mg+ 68Zn 3498 He (224) 
75As+ 40Ar35Cl+ - 7772

 
N2O 
H2 
He 

(2) 
(219) 
(101,224) 

75As+ 40Ar35Cl+ 
40Ca35Cl+ 

- 7772
7608 

O2 (2) 

80Se+ 40Ar2+ 82Se 9693 Xe 
He 

CH4 
H2 
O2 

N2O 

(198) 
(101) 
(198,226,227), this work  
(101,219,221,222,224,228), this work  
(2), this work 
(228), this work  

87Sr+ 87Rb+ 88Sr 308188 N2O/CH4 
CH3Cl 
CH3F 

(2) 
(2) 
(216) 

90Sr+ 90Zr+ 88Sr  O2 (2,101) 
93Nb+ 
90Zr+ 

40Ar53Cr+ 
40Ar50Cr+ 

- 27783
24161 

H2 this work 
this work 

107Ag+ 
109Ag+ 
195Pt+ 

197Au+ 

91Zr16O+ 
93Nb16O+ 
179Hf16O+ 
181Ta16O+ 

- 
- 
- 
- 

23568
31466
8109
8335 

O2 (230) 

156Gd+ 
181Ta+ 

140Ce16O+ 
165Ho16O+ 

- 
- 

7917
7948 

H2 (231) 
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2.1. The Dynamic Reaction Cell 
The ELAN 6100 DRC contains a reaction chamber for ion molecule reactions 
that consists of a quadrupole ion guide, enclosed in a reaction chamber with 
entrance and exit apertures for the ion beam and a reaction gas flow 
control(226,232). The schematic set-up is shown in Figure 2.1.  
The instrument can be operated with a pressurized reaction cell (“DRC-mode”) 
to make use of ion-molecule reactions and in “standard” mode, without 
reaction gas in the cell. In standard mode, the reaction cell is vented towards the 
analyzer section by means of an externally actuated valve. It then simply acts as 
an ion guide for ICP-generated ions. In DRC-mode the cell vent is closed and 
the gas pressure is maintained by a continuous flow of the reaction gas and 
held in the range of a few Pa. This is substantially higher than the pressure in 
the upstream ion optics and the downstream detection system (≤ 10-2 Pa and ≤ 
10-4 Pa respectively), where the expanding reaction gas needs to be efficiently 
pumped away.  

 
Figure 2.1: Schematic view of the dynamic reaction cell used in the ELAN 6100 DRC. AFT-
electrodes are not shown. 

 
The quadrupole is operated as an ion guide at low mass resolution providing 
transmission of a wide range of m/z. The bandwidth of transmitted m/z is 
defined by the Mathieu stability parameters a and q of the quadrupole, which 
can be specified individually for each m/z to be measured (see Figure 1.6). In 
the following the Mathieu parameters a and q for the DRC-quadrupole will be 
labeled according to the instrument control as RPa and RPq. The bandpass of 
the transmitted m/z is adjusted in order to achieve two purposes: a) exclude 
reactive precursor ions from the reaction volume in order to reduce the 
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formation of polyatomic ions inside the reaction volume and b) maximize 
transmission of analyte ions to the mass analyzer. 
An additional set of electrodes (so called “axial field technology” (AFT)), 
according to the design of Loboda et al.(233), was installed in 2001 after it had 
become obvious that the refill time of the cell, when operated with a narrow 
bandpass, was too long to be used for time resolved analysis (Figure 2.2, see 
also chapter 5.1). This so called “cross-talk” between the mass analyzer and the 
DRC-quadrupole is recognized by a dependence of the ion signal on the dwell 
time applied to record the signals in the pressurized DRC. Ions that are 
traveling through the DRC after their transmission was intercepted by the RPq 
and RPa settings for the preceding scan need to re-equilibrate their distribution 
inside the DRC. Their travel time to the DRC exit aperture can be significantly 
increased when the ions lose the major portion of kinetic energy by collisions 
with the gas inside the DRC. It will therefore take a longer period to establish 
transmission for all ions from the ICP and the intensity of the ion signals 
increase with the time spent at this measurement position (i.e. the analyzer 
quadrupole`s dwell time plus settling time).  
 

 
Figure 2.2: Elimination of the cross-talk effect for Mg by the AFT-electrodes of the 
ELAN 6100 DRCplus. 

 
The AFT electrodes create a constant potential gradient along the axis of the 
reaction cell to continuously accelerate the ions to the downstream mass 
analyzer. The gradient depends on the voltage applied to these electrodes, 
which is optimized for maximum transmission of analyte ions in the 
pressurized mode. For the instrument used in this work the optimum voltage 
was 175V, which should result in a potential gradient of 0.18V/cm. The axial 
field technology reduces the response time of the reaction cell when the 
transmission settings are changed and enhances transmission for low energy 
ions(234).  
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2.2. Principles of Ion Molecule Reactions 
The following chapter describes some characteristics of ion-molecule reactions 
used for the manipulation of the composition of an ion beam from the ICP. 
Fundamental information about ion-molecule reactions is available in several 
reviews about thermodynamics, kinetics and mechanisms of ion molecule 
reaction in a general sense(204,235,236) and on their use in ICP-MS(2,237) and shall be 
reviewed only briefly. 
 

Reaction Energies 
Several types of ion-molecule reactions can accomplish attenuation of spectral 
interferences in ICP-MS: 
Charge transfer of the reactive gas (R) for the direct elimination of an interfering 
(I) species: 
[1]  I+ + R  I + R+   

Condensation or association reaction of the interference (I) or the analyte (A) 
ion with the reactive gas (R): 
[2]  I+ + R  IR1+ + R2 

[3]  A+  +  R    AR1+  +  R2 

Collision induced dissociation (CID) of a polyatomic interference (I) with a non-
reactive collision gas (C): 
[4]  I+ + C  I1+ + I2 + C 

In all types of reactions the reaction energy ∆rG determines whether a chemical 
reaction can occur spontaneously upon collision of the ion with the gas target or 
needs to be promoted external by energy. Exothermic reactions (∆rG < 0) are 
thermodynamically allowed, while endothermic (∆rG > 0) reactions require the 
conversion of external energy into reaction energy in order to proceed. To 
determine whether a specific reaction may occur, it is convenient to calculate 
the reaction energy from the reaction enthalpies (∆rH) and entropies (∆rS): 
 
 
Equation 2.1: Definition of the free energy of a reaction. 

(J/mole/K) change entropy reaction  :                  (K) etemperatur absolute    
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Reaction enthalpies and entropies can be calculated from the heats of formation 
(∆fH) and entropies (S) of the reaction products and educts: 
 
Equation 2.2: Definition of the reaction enthalpy and reaction entropy. 

pressure constant at capacitiy heat              eTemperatur absolute  
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Enthalpies of formation for a great variety of compounds are available in the 
literature(235,238), while reaction entropies are often not as readily available. An 
estimate of the entropy change can be obtained by considering the number of 
species and their conformation before and after the reaction, because the heat 
capacity for a small molecule at room temperature is dominated by the 
translational and rotational degrees of freedom, while vibrational and electronic 
excitation is negligible(239,240).  
In a charge transfer reaction [1] the reaction energy is dominated by the 
difference in the ionization energy of the neutral form of the ion and the 
reaction gas because the entropy change of this reaction is considered 
negligible(240). Thus, when the reaction gas has lower ionization energy than the 
neutralized ion, the reaction is thermodynamically allowed and may proceed.  
CID reactions [4] of stable ions, on the other hand, have a positive reaction 
enthalpy and require external energy to break the molecular bond. The 
dissociation of the molecule, however, increases the number of degrees of 
freedom during the reaction, which results in a positive reaction entropyb. The 
reaction energy of CID is therefore smaller than its reaction enthalpy.  
An association reaction (reactions [2] and [3] with no R2), on the other hand, 
leads to a reduction of the degrees of freedom and the reaction entropy is 
negative. This may drive a reaction towards endothermicity, even when the 
reaction enthalpy is negative.  
The reaction entropy for a condensation reaction of elemental ions is negligible 
when R2 in reactions [2] and [3] is also a single atom because the number of 
rotational degrees of freedom remains unchanged. It can, however, be positive 
when R2 is also a polyatomic species, because the number of rotational degrees 
of freedom increases in this case. This increase in entropy may be sufficient to 

                                                 
b  During the breaking of a bond, a molecule cannot lose more than two rotational degrees of freedom. 

This loss is overcompensated by the gain of three translational degrees of freedom for the new 
particle(239). 
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drive a reaction that has a positive reaction enthalpy towards exothermicity. 
Condensation reactions of polyatomic ions on the other hand can be 
accompanied by negative reaction entropy when R2 is a single atom, which can 
result in an endothermic reaction even when the reaction enthalpy is negative. 
Thermochemical data are available from a variety of sources(235,238,241,242). Data 
used in this work were taken primarily from the NIST database (NIST 
WebBook(238)) and the compilation of Lias et al.(235) unless noted otherwise. The 
heat of formation for many polyatomic ions, however, is often not as readily 
available today, which makes the prediction of the thermodynamics for 
possible “exotic” reaction channels difficult.  
 
 
ICP-Ion Energies 
The possible reactions and especially the occurrence of endothermic reactions 
inside the DRC depend largely on the energy of the ions inside the reaction 
chamber. Elemental ions from the ICP source may be present in an 
electronically excited state, which can contribute to the reaction energy. The 
majority of ions, however, can be expected to be in their ground state at the gas 
kinetic temperatures of the ICP(243). Vibrational excitation has been observed for 
polyatomic ions(66), which also may contribute to the promotion of reactions that 
would be endothermic for ground state ions. The major portion of the ion 
energy, however, is stored as kinetic energy, which has been gained from the 
supersonic expansion of the plasma in the ICP-MS interface and the electrostatic 
potential between the ICP and reaction volume. The energy gain from the 
supersonic expansion is anisotropic with a dominating axial compound. 
Because the ions expand into the first expansion stage at the speed of the 
dominating Ar-gas(68), the kinetic energy is proportional to the ions´ mass. It has 
been estimated to be between 0.3eV for 6Li+ and 12eV for 238U+ in the ELAN 6100 
DRC(2). The contribution from the plasma potential has been estimated to be 
+3V(2) and the reaction volume is biased by -2V to 0V. Thus, the average kinetic 
energies should be in the range between 3eV and 18eV, depending on m/z. 
Some energy may be lost in collisions during the extraction, so this can be 
considered as an upper limit. The kinetic energy of the reaction gas on the other 
hand can be considered negligible in comparison because the mean kinetic 
energy of an ideal gas at room temperature is approximately 0.04 eV (3.7 
kJ/mole).  
Inside the reaction volume the ions can experience reactive and non-reactive 
collisions. Non-reactive collisions lead to a loss of kinetic energy and a re-
distribution of the remaining energy amongst the translational degrees of 



 34

freedom of the ion. The energy loss for an elastic, hard-sphere collision is only 
dependent on the ion to gas mass ratio and can be expressed by(244)c: 
Equation 2.3: Relative energy loss for an ion in an elastic collision. 

( )
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After several collisions the initially dominating axial energy component 
approaches the kinetic energy of the collision gas. A residual axial energy, 
however, is retained by the acceleration from the AFT-electrodes. For the gas 
pressures of several Pa typically used in the DRC the mean free path of an ion is 
in the mm-range, and the energy gain by the AFT-voltage between individual 
collisions is approximately 0.04 eV(234), which is close to the thermal energy of 
the reaction gas. A similar situation holds for the radial and tangential 
components of the kinetic energy, where the energy gain from the quadrupole 
Rf-field has been estimated to be between 0.4 eVand 0.8 eV for operation of the 
quadrupole at an RPq between 0.2 and 0.75, respectively(2,245).  
The damping of the kinetic energy has several implications for the operation of 
the DRC: a) the residence time of the ion inside the reaction volume increases, 
which also increases the probability of reactive collisions and thus the reaction 
efficiency, b) endothermic reactions become increasingly unlikely as the ion 
penetrates into the reaction chamber, which reduces the number of “exotic” or 
unpredicted reaction products, c) the ion transmission can be increased with 
increasing cell pressure unless the gas number density exceeds a certain limit, 
where scattering processes become dominant(210). 
Endothermic reactions may, however, occur only when the kinetic energy of the 
ion is sufficiently high to account for the reaction energy. The available energy 
is the center of mass energy (ECOM), which depends on the kinetic energy of the 
reaction partners and their mass: 
 
Equation 2.4: Conversion of the lab energy into center of mass energy. 

gas stagnant a of mass                  ion the of mass 
energy kinetic ion     energy mass of center 
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c  Assuming that the ion and the gas target depart at an angle of 90° in the center of mass frame after 

collision. 
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Figure 2.3 A shows this situation for ions that are generated in the ELAN 6100 
DRC. The fraction of kinetic energy that can be converted into chemical energy 
increases with the mass of the collision partner and decreases with increasing 
mass of the ion. For ions above m/z = 30, the available energy is smaller than 
10% of their kinetic energy, when a light collision gas such as He is present. 
Figure 2.3 B displays the maximum absolute energy that can be converted into 
chemical energy for ions that are entering the DRC.  
 

 
Figure 2.3: Calculated fractional center of mass energy for elemental ions (A) and center of mass 
energy for ICP generated ions in the first collision with He, Ne, Ar and Xe gas targets (B). The 
calculations are based on a 5 V potential difference and a contribution from the supersonic 
expansion of 0.05 eV/amu for ELAB 

(2).  

 
Thus, endothermic reactions can be promoted when a heavy reaction gas is 
present which provides a high ECOM. This will, however, also lead to the largest 
scattering losses of analyte ions, which reduces the elemental sensitivity (see 
Chapter 3). Acceleration of the ions to a higher ELAB could also increase the 
center of mass energy but will also decrease the residence time in the reaction 
volume, which in turn negatively affects the conversion efficiency. Since ECOM 
will, at least partly, be distributed amongst different degrees of freedom in the 
collision complex, it needs to be higher than the endothermicity of the reaction. 
Highly endothermic reactions, like collision induced dissociation reactions of 
strongly bound polyatomic ions are therefore difficult to promote, at least in a 
linear reaction cell. Dissociation of CeO+ for example, (bond-dissociation 
energy: 9 eV, 870 kJ/mole) by collision with Xe (Ar) atoms would require an 
ELAB of at least 20 eV (45 eV), when the collision energy is converted exclusively 
into chemical energy.  
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Reaction Kinetics 
The thermodynamic properties determine if a specific reaction may occur in the 
DRC or not. The conversion efficiency of the DRC (i.e. the fraction of ions that 
undergoes reaction) on the other hand also depends on the reaction time of the 
ions inside the cell, the reaction rate constant and the number density of the 
reaction gas. The number densities of the reaction gas in the cell relative to the 
ions is usually sufficiently large (> 108) to ensure pseudo first-order kinetics(239) 
and the conversion efficiency can be expressed as(2): 
 
Equation 2.5: Definition of the conversion efficiency. 
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The number density of the reaction gas is controlled by the gas flow into and 
out of the DRC. For the typical operating conditions of the DRC, an effusive 
flow through the apertures can be assumed and the number density of the gas 
in the reaction volume can be considered proportional to the gas flow into the 
cell. The reaction time is given by the residence time of the ions inside the DRC, 
which depends on the ions velocity and the length of the path when traveling 
through the reaction volume. As discussed in the following chapter, both are 
correlated with the ions` initial kinetic energies and the molecular mass of the 
reaction gas used. The reaction rate constant reflects the collision probability 
and the fraction of collisions that leads to the chemical reaction.  
At high kinetic energies the collision cross section is not significantly affected 
by long-range interactions between an ion and a gas molecule and the reaction 
rate constant can be approximated by(239): 
 
Equation 2.6: Definition of the hard-sphere collision cross section. 
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Long range interactions between the ion and an induced or permanent dipole 
moment of the gas become influential at lower kinetic energies and the collision 
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cross section increases over the hard-sphere cross section. The reaction rate 
constant increases with the polarizability and the magnitude of the dipole 
moment as given by the Langevin collision theory(246): 
 
Equation 2.7: Definition of the Langevin collision cross section. 
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or a more general “average dipole orientation” (ADO) theory(247). 
Reaction rate constants have been measured under various conditions and are 
available in the literature for a variety of ion molecule reactions. A compilation 
of thermal reaction rate constants has been published for example by 
Anicich(236). These data are useful when different reaction gases can be used to 
resolve a given spectral interference. One would then usually use the reaction 
gas that has the highest reaction rate constant with the interference present. 
This comparison, however, may also be misleading when the reaction gases 
have a significantly different efficiency in approaching thermal conditions 
inside DRC. When the reaction gas cannot damp the ion energy to near thermal, 
the smaller hard-sphere collisions cross section would dominate the reaction 
kinetics, while the Langevin or ADO cross sections can only be approximated at 
conditions that are close to thermal. Due to the uncertainties in the energetic 
situation of the ions inside the DRC (which is further exacerbated by the energy 
distribution of the ions that enter the cell), it will usually require the 
experimental comparison of the individual gases in order to determine the 
reaction gas that provides the highest conversion efficiency. 
 

Ion Molecule Reactions for Suppression of Spectral Interferences 
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Experimental 

3. Experimental 

3.1. Ion Transmission in the pressurized DRC 
The motion of an ion inside the DRC is damped by collisions with the gas. This 
can affect the transmission of the ions through the DRC for two opposing 
reasons(244): a) the damping of the radial velocity component allows a better 
confinement of the ions close to the cell axis, which results in enhanced 
transmission and b) the damping of the axial velocity component may result in 
full thermalization (i.e. the ion energy approaches the kinetic energy of the 
surrounding gas) a situation, where scattering losses become increasingly 
important. Figure 3.1 shows these effects when the DRC is pressurized with 
three different non-reactive gases and without acceleration by the axial field.  
 

 
Figure 3.1: Dependence of the transmission of 23Na+, 59Co+, 103Rh+ and 208Pb+ in the DRC with 
increasing cell gas flow of H2 (M = 2.02), He (M = 4.003) and Ne (M = 20.18).  

 
With increasing gas flows, ion transmission first increases, followed by a decay 
caused by scattering of ions whose axial kinetic energy is fully randomized after 
a sufficiently large number of collisions. Reactions with the gas or its impurities 
may also lead to a loss of ions but such reactions are not expected to occur at 
significant rates for the ions selected here. The position and magnitude of the 
gain in transmission depends on the ion/gas mass ratio. Only small effects are 
observed at a mass ratio greater than 25 as for 208Pb+ and Rh in He or H2 because 
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the ions retain most of their initial kinetic energy after every collision 
(Eafter/Ebefore > 0.92). At decreasing mass ratios the focusing effect gets more 
pronounced and the transmission can be enhanced by 50 - 100% for mass ratios 
between 5 and 10 (23Na+ in H2 and He, 59Co+ in He, 103Rh+ and 208Pb+ in Ne, 
Eafter/Ebefore: 0.72 - 0.83). Scattering becomes increasingly important, however, 
when the mass ratio is close to unity. An almost instantaneous intensity loss can 
already be observed at low gas flows (e.g. 23Na+ in Ne, Eafter/Ebefore: 0.5). The 
observed effect is, however, convoluted by the different ion kinetic energies 
when entering the cell. Heavier ions carry a greater absolute kinetic energy 
before entering the cell and even more collisions are required to reduce the 
kinetic energy to the initial energy of lighter ions.  

3.2. Product Ions 
An ion-molecule reaction will always produce another ion, usually of a 
different m/z. These product ions can occur in the mass spectrum and may lead 
to additional interferences on formerly non-interfered analyte ions(198). 
Sequential reactions of the product ions may furthermore increase the variety of 
species that are produced(212). These cell generated ions are especially critical 
when a wide range of elements are to be determined using the DRC and their 
attenuation then becomes an important factor in the method development and 
operation of the DRC.  
Charge transfer reaction products are the ionized reaction gas molecules, which 
may interfere with other elemental ions of interest (e.g. 16O2+, produced by 
charge transfer between 16O2 and Ar+ leads to an additional interference on 32S+). 
Side reactions with analyte ions reduce the sensitivity and further increase the 
abundance of secondary ions in the reaction cell. The extent and type of 
secondary ions that are produced will depend on the reaction gas, its purity and 
the composition of the ion beam in the reaction volume. The importance of 
reaction gas composition is demonstrated in Figure 3.2. In standard mode 
operation, the mass spectrum for a sample containing 200 µg/L La shows the 
typical abundance of the elemental ions of La+, LaO+ and LaOH+ from the ICP 
source. When the cell is pressurized with high purity hydrogen (6N: 99.9999% 
H2) via the non-gettered gas feeding line (line B in Figure 2.1), the relative 
formation of LaO+ and LaOH+ at m/z 155 and 156 increases and additional 
species occur.  
The dominating additional mass peaks occur at m/z 173, 191 and 209 and have a 
mass difference of 18, 36 and 54 amu from 139La16O+. This indicates the addition 
of at least 3 water molecules to LaO+ within the cell. Other apparent product 
ions occur at m/z 172, 190 and 208, which are attributed to LaO(OH)(H2O)n+ (n 
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=1-3), and at m/z 175, 177, 193, 195, 211 and 213, which may originate from 
LaO(H2O)n(H2)m+ (n = 1–3; m = 1, 2). As shown in Figure 3.3, the abundance of 
the cluster ions steadily increase as the gas flow is raised from 0.25 mL/min to 
2.1 mL/min, while La+ is continuously lost by reaction.  
 

 
Figure 3.2: Mass spectra showing the formation of additional polyatomic ions when the reaction 
cell is pressurized with a reaction gas. The insert shows the mass spectrum obtained in standard 
mode. 

 
Although the reactions are not very efficient in that the majority of the La+ 
signal is retained, the abundance of the water clusters formed is interferes 
severely with isotopes of Yb, Ir, Pb and Bi. 
 

 
Figure 3.3: Reaction profiles of La with impurities in hydrogen as reaction gas. 

 
When the reaction gas supply is changed from the feeding line B to the gettered 
line A, the formation of the water clusters and additional LaO+ polyatomic ions 
can be reduced substantially almost to the level observed in the plasma source 
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(Figure 3.4), which indicates that the majority of water is already present as an 
impurity in the reaction gas(248).  
 

 
Figure 3.4: Reduced formation of secondary LaO+ by purifying the reaction gas. After 150 s the 
gas supply for the DRC was changed from line B to the gettered line A (see Figure 2.1). The 
arrow indicates the plasma background level for LaO+/La+. 

 
The total flow of impurities from the reaction gas at into the cell is about 1012/sec 
a gas flow of 2 mL/min and a gas of 99.9999% purity. This may be further 
elevated by diffusion of ambient air through the PTFE tubing used for gas 
delivery. Thus even a comparatively small concentration of impurities in the 
reaction gas can cause the significant formation of polyatomic ions, depending 
on the chemistry of the ions and the gas.  
 

3.3. Attenuation of Cell produced Ions. 
Purification of the reaction gas can only reduce reaction products that are 
caused by impurities, but the reaction gas itself may also form polyatomic ions 
by condensation or clustering reactions(249).  
Two different approaches can be used in order to achieve the separation of 
these secondary ions from analyte ions. Due to their higher polarizability and 
possible permanent dipole moment, polyatomic ions experience more collisions 
inside the reaction volume and accordingly lose a higher fraction of their kinetic 
energy in the reaction volume compared to primary (i.e. ICP-generated) ions of 
similar mass. A potential barrier before the mass analyzer can therefore be used 
to discriminate against secondary ions because of their lower kinetic energy 
(kinetic energy discrimination KED)(198,214,222). The second approach makes use of 
mass discriminating properties of the quadrupole used as the ion guide(212). Both 
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approaches were evaluated by comparing their ability to attenuate the 
production the oxide ions within the DRC. A sample containing 200 µg/L Sc, Y, 
La and Th was aspirated and the formation of their oxides inside the 
pressurized DRC from trace impurities in neon (purity: 99.996%) as non-
reactive gas was recorded. Neon was fed through the non-gettered line B 
(Figure 2.1) at a flow of 2 mL/min. 
 
 
Kinetic Energy Discrimiation 
The potential barrier before the mass analyzer quadrupole can be established by 
lowering the electrostatic potential of the DRC-quadrupole rods (cell rod offset, 
CRO) below potential in the mass analyzer section (quadrupole rod offset, 
QRO). The potential difference will then determine the minimum kinetic energy 
an ion must have at the exit aperture of the reaction volume to be transmitted to 
the downstream mass analyzer. The cell entrance and exit apertures (cell path 
voltage, CPV) are held at a potential that is lower (typically around –30 V) than 
QRO (-5V) and should therefore not have a significant influence on the energy 
selection by the potential barrier.  
Figure 3.5 shows the transmission for the primary (i.e. ICP-generated) ions Sc+, 
Y+, La+ and Th+ and their product ions ScO+, YO+, LaO+ and ThO+ when the CRO 
is ramped from 0V to –10V, with QRO held constant at –5V.  
 

 
Figure 3.5: Effect of kinetic energy discrimination on the transmission of elemental ions (filled 
squares) and oxide ions (open circles). The level of oxide ion formation observed when the cell 
is not pressurized is indicated by arrows.  
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As CRO is reduced, the ion signals first decrease only gradually, until CRO 
approaches -3V, where the decay becomes more pronounced. Further lowering 
of CRO leads to a significant loss in transmission for all ions. The magnitude of 
suppression, however, is greater for the polyatomic ions compared to their 
precursors and also reflects the ions` initial kinetic energy. Heavier ions carry a 
higher kinetic energy and thus the decay becomes smaller as the mass of the 
ions increase. The abundance of the oxide ions from Sc+ relative to the elemental 
ions is close to the level found in the ICP at a CRO below -4V, which indicates 
that an efficient suppression of the secondary ions is possible. Secondary YO+ 
and LaO+ on the other hand require a CRO below –8V in order to be 
suppressed, while ThO+ is always found at levels that exceed the typical 
abundance in the ICP by a factor greater than 3. 
Because KED also discriminates against the fraction of primary ions whose 
kinetic energy is too low to overcome the potential barrier, elemental sensitivity 
is also reduced by almost 2 orders of magnitude when the potential barrier is 
set high enough to reject all secondary oxide ions from the mass analyzer. 
 
 
Bandpass Tuning  
The term “bandpass tuning” relates to the characteristics of the quadrupole in 
the DRC, which can be used as a mass selective device. It can be operated at low 
mass resolution, which results in a broad range (“bandpass”) of m/z that have 
stable trajectories. This feature can be used to selectively reject ions from the 
reaction volume, which act as precursors in the production of secondary ions. 
When, for example, 155Gd+ is being analyzed and the cell-quadrupole is being 
operated under conditions where 139La+ is not stable in the DRC, additional 
interferences from LaO+ are not observed in the mass spectrum. The 
transmission window for the DRC-quadrupole can be defined by the RPq and 
RPa parameters, which are adjusted individually for each m/z during the mass 
scan of the analyzing quadrupole(226). Increasing RPa and RPq leads to a 
narrower bandpass, which can be adjusted specifically for each m/z to be 
analyzed. In many cases the DRC-quadrupole is operated in Rf-only mode with 
RPa set to zero, where RPq defines the lower limit of transmitted m/z. 
Increasing RPa shifts the low m/z limit to higher values and also introduces a 
high mass limit. When RPa is set to zero, the value of RPq, at which the 
elemental ion is rejected from the DRC (cut-off value), can be estimated from 
the stability parameters and the m/z of the product ion(237). Precursor ions are in 
this case rejected from the DRC, when their corresponding q value is greater 
than 0.908. The corresponding q value can be calculated for each m/z according 
to: 
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Equation 3.1: Calculation of the cut-off value for RPq of a precursor ion in the DRC, when 
operated in Rf-only mode (i.e. RPa =0). 
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The elemental ions of Sc, Y, La, and Th should therefore have a cut-off value for 
RPq of 0.67, 0.77, 0.81 and 0.85, when the analyzing quadrupole set to the m/z of 
their respective oxide ions. 
The signals observed for the elemental and oxide ions for increasing RPq with 
RPa set to zero are shown in Figure 3.6. 
 

 
Figure 3.6: Transmission of elemental (filled squares) and product ions (open circles) with 
variation of RPq of the DRC-quadrupole with Rpa set to zero. Arrows indicate the oxide ratio 
found in the ICP. 

 
ScO+ and YO+ can be attenuated to the level found in the ICP at RPq of 0.7 and 
0.8 respectively, which is close to the predicted cut-off values for Sc and Y 
respectively. LaO+ is reduced significantly at an RPq of 0.85 but would require a 
higher setting to reach the ICP-level. ThO+ cannot be attenuated at an RPq 
below 0.85.  
Further reduction of the abundance of LaO+ and ThO+ can be acieved by 
increasing RPa. Figure 3.7 shows the signals for Th+ and the relative formation 
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of ThO+ at increasing RPq with different settings for RPa. While the ion signal of 
Th+ is not significantly affected by a higher RPa value, the abundance of ThO+ is 
close to the ICP background level when RPa is set to 0.015 and an RPq of 0.85. 
The high cut-off value for RPq, which is required for the rejection of the 
precursor ions at this high m/z, however, leads to a suppression of the 
elemental sensitivity by a factor of 5 compared to the optimum value at RPq of 
0.4. 
 

 
Figure 3.7: Dependence of the transmission for Th+ and ThO+ in the DRC for different settings of 
RPq and RPa. The abundance of ThO+ can be reduced significantly with increasing RPa without 
compromising the sensitivity for Th+ significantly. 

 
The sensitivity for all elemental ions studied is furthermore reduced by an 
order of magnitude when compared to standard mode operation. This is 
attributed to scattering and reactive losses inside the DRC. It is not strongly 
depending on the bandpass settings for RPq values between 0.2 and 0.85, and 
exhibits a maximum for RPq between 0.3 and 0.6. Only Sc+ is attenuated by 
more than an order of magnitude at RPq values greater than 0.75.  
The abundance of ScO+ on the other hand reaches the ICP-level already at an 
RPq of 0.7, where the transmission of the elemental ions is reduced by only a 
factor of 3.  
 
 
 
Comparison of KED and Bandpass Tuning with Respect to the Attenuation 
of Ions produced inside the DRC 
Both approaches were compared with respect to elemental sensitivity at 
operating conditions (Table 3.1) where the abundance of the oxide ions in the 
mass spectrum was close to those obtained for the non-pressurized DRC.  
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Table 3.1: Operating Parameters used in the comparison between KED and Bandpass Tuning. 

 KED Bandpass Tuning 
 CRO RPa RPq 

ScO+/Sc+ -4 V 0 0.7 
YO+/Y+ -5 V 0 0.8 
LaO+/La+ -6 V 0.01 0.8 
ThO+/Th+ -10 V 0.015 0.85 

 
The sensitivity for the elements studied and the abundance of the respective 
oxide ions are shown in Figure 3.8. Despite the fact that both approaches can be 
used to virtually exclude all cell produced oxide-ions, elemental sensitivity is by 
at least a factor of 5 smaller for KED compared to the bandpass tuning 
approach, making the latter better suited for the reduction of product ions from 
the DRC.  

 
Figure 3.8: Elemental sensitivity for 200 µg/L of the elemental ions (left) and abundance of the 
oxide ions relative to the elemental ions at the optimized conditions. Note that the elemental 
sensitivity is strongly affected by the reactive losses inside the DRC in both cases. Using a 
purified gas would reduce these losses substantially and increase the elemental sensitivity (see 
Figure 3.4). 

 
Another result from this study, which may be especially important for method 
development based on ion-molecule reactions, is the relatively good agreement 
between the predicted cut-off for the transmission of the precursor ions and the 
value of RPq (for RPa =0) at which the steepest decline for the abundance of the 
oxide ions was observed. This indicates that precursor ions of an unknown 
interference, which might be formed inside the DRC, can be at least roughly 
assigned to an m/z by determining RPq that leads to a cut-off in the abundance 
of the product ion.  
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3.4. Method Development with the Dynamic Reaction 
Cell. 

This chapter is in parts accepted for publication in Spectrochimica Acta Part B 
in 2002.  
 

Introduction 

Several criteria are useful to determine the suitability of a given ion molecule 
reaction for an analyte-interference problem. The structure of the reaction 
profiles and isotope ratios can be used to determine when a reaction can be 
used with an analytical benefit. Especially the signal / background ratio (SBR) is 
a suitable indicator to estimate the efficiency of the reaction and the occurrence 
of secondary ions within the DRC. Reaction efficiency, as defined by Bandura et 
al.(2) is directly correlated to the SBR. Other criteria are variations in the 
measured isotope ratios of the analyte ions (if available) with variation of 
reaction gas flow and transmission parameters of the DRC.  
The chemical resolution of Se+ from Ar2+ has been subject to various studies 
using different reaction gases (see also Table 2.1). Usually these reports, 
however, only list the optimum parameters for the analysis without detailed 
information on how the method development was conducted and important 
issues, like the formation and methods for rejection of secondary ions are often 
not discussed at all.  
Due to this, we chose this system to demonstrate strategies for method 
development when ion molecule reaction shall be used for the attenuation of 
interferences. 
Resolution of Se+ from Ar2+ can be achieved by different reaction types: charge 
transfer reaction with methane, condensation reaction with H2 and charge 
transfer or oxygenation reactions with O2 or N2O. Reaction profiles for Ar2+, 
ZnO+, Zr+ and Mo+ as potential interferences on Se+ or SeO+ as analyte ions were 
studied as a function of the reaction gas flow and transmission settings of the 
DRC-bandpass.  
 

Experimental 

Hydrogen (purity: 99.9999%, Linde, D) and methane (purity: 99.9996%, 
Praxxair, B) were fed into the DRC via the gas supply line A (Figure 2.1), in 
order to reduce the level of impurities in the gas. Oxygen (purity: 99.9996%, 
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Linde, D) and nitrous oxide (purity: 99.96%, PanGas, CH) were introduced 
using line B. Reaction profiles were acquired while nebulizing solutions, 
prepared from 1000 mg/L standards (CPI, USA) in 1 % nitric acid (Merck, D, 
analytical grade, purified by subboiling distillation). A concentric nebulizer 
(Meinhard Corp., USA) and a standard cyclonic spray chamber were used for 
sample introduction. ICP operating parameters and lens settings were adjusted 
daily in standard mode to obtain maximum analyte sensitivity for Mg, Rh and 
U while the CeO+/Ce+ ratio was adjusted to be smaller than 1.5%. Sensitivity for 
the analytes under these conditions was typically > 2*104 cps/ppb (Mg), > 7*104 
cps/ppb (Rh), > 6*104 cps/ppb (U), respectively. The instrumental background 
was always < 5 cps (m/z: 5) and < 1 cps (m/z: 220). In DRC-mode the 
optimization of the cell path voltage CPV (applied to the entrance and exit 
apertures of the DRC) was adjusted for each reaction gas specifically, in order 
to achieve the highest sensitivity for 80Se+. Operating conditions are summarized 
in Table 3.2. All reaction gas flows were converted from the mass flow 
controller settings (calibrated for Ar) to the actual flow using conversion factors 
from the manufacturer (MKS Instruments, USA). 
 

Table 3.2: Operating Parameters 

ICP-Parameters  DRC Parameters  
Rf-Power 1380 W Cell Rod Offset 1 V 
Nebulizer Gas Flow 0.98 L/min Cell Path Voltage -18 – -25 V 
Auxiliary Gas Flow 0.85 L/min RF-Voltage 150 V 
Plasma Gas Flow 17 L/min Axial Field Voltage 175 V 
Dwell Time 25 ms Gas Flow Conversion Factors 
Sweeps / Reading 40 H2 0.7 
Settling time 3 ms CH4 0.52 
Readings / Replicate 1 O2 0.71 
Replicates 10 * N2O 0.51 
Quadrupole Rod Offset -4 V   
Autolens On   

*: 1 for reaction profiles 

 

Results and Discussion 

Hydrogen as Reaction Gas 
Ar2+ reacts with H2 by dissociative condensation (reaction type [2]) according to: 

[5]  Ar2+ + H2  ArH+ + Ar + H  ∆rH: -12 kJ/mole 
      ArH2+ + Ar     
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The reaction proceeds at a high rate (5·10-10 cm3/molecule/s)(236) with a product 
distribution of 70% ArH+ / 30% ArH2+. Charge transfer between Ar2+ and H2 is 
endothermic by 96 kJ/mole (1 eV) and could occur if a major portion of the 
kinetic energy of Ar2+ is converted into reaction energy. The reaction profile for 
the Se-isotopes in the blank nitric acid solution and a standard solution 
containing 20 µg/L Se with H2 is shown in Figure 3.9.  
 

 
Figure 3.9: Reaction profiles for Ar2+ and Se+ with H2 (left) and the intensity ratios (right), for the 
Se-isotopes towards 76Se+. For clarity of the figure only the signal for m/z 80 is displayed for the 
spiked sample. 

 
A moderate decay is observed for the acid blank over the entire gas flow range 
without reaching instrumental background at m/z 80. The maximum flow rate 
at 2 mL/min H2 is determined by the pressure limit for the mass analyzer 
section, which would be exceeded at higher gas flows. Due to this limitation it 
is not possible to entirely eliminate 40Ar2+ from the mass spectrum. The aid from 
a buffer gas would be required to further reduce the Ar2+ signal in the DRC. No 
significant variation is observed for the Se-spike with increasing reaction gas 
flow (mion/mgas =40), which is leading to a steadily increasing SBR. The intensity 
ratios relative to 76Se+ (Figure 3.9) show no significant variation after the 
reaction gas flow is raised above 0.8 mL/min, where the background signal at 
m/z 80 is sufficiently suppressed to observe a significant net signal for 80Se+. 
Variation of bandpass settings of the DRC does not change the SBR for 80Se+ 
significantly, provided that RPq is set above a value of 0.5 (Figure 3.10). At RPq 
values below 0.5 the SBR for 80Se+ is affected by the production of secondary 
ions inside the DRC. The cut-off value of RPq indicates that the precursor ion 
has an m/z of about 40. These secondary ions may therefore be formed after 
ionization of an unidentified species by Ar+. 
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Figure 3.10: Signal to background ratio for 80Se+ in dependence of the bandpass settings of the 
DRC. 

 
A residual signal of 100 cps from unresolved ions, however, is observed in the 
blank sample at all isotopes of Se for the highest gas flow and an RPQ above 
0.5. This may be caused by either primary ions (e.g. a contamination of Se in the 
blank or memory effects) or secondary ions with reactivity towards H2 that is 
similar as Se+. The formation of secondary Ar2H+ can only to a minor extent 
account for these residual signals. Considering the signal level observed at m/z 
81, only the signal at m/z 77 fits to the isotopic pattern of 36Ar40ArH+ + 
38Ar38ArH+. All other signals are too high in comparison and must merely be 
caused by other species. The abundance of SeH+ and SeH2+ appears not to 
change significantly when the cell is pressurized with hydrogen. This is in 
agreement to the endothermicity of the reaction: 

[6]  Se+ + H2  SeH+ + H    ∆rH: 150 kJ/mole  

The association reaction according to: 

[7]  Se+ + H2  SeH2+      ∆rH: -185 J/mole  

has a negative reaction enthalpy but its reaction entropy is also negative. The 
reaction entropy for association reactions of H2 with other cations have been 
determined to be in a range between -40 and -80 J/mole/K(241), which would 
result in a -T∆S term from Equation 2.1 between 12 and 24 kJ/mole, which 
would still result in and exothermic reaction energy. The reaction, however, 
requires a three-body collision, which is not expected to occur at high rates, 
considering the pressure inside the DRC so that this reaction is not considered 
to have a significant effect on the formation of SeH2+. The deviation of measured 
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isotope ratios relative to 76Se to the natural values varies between 0.5% and 1.2% 
per mass unit, which is most likely related to the mass bias of the instrument.  
 
Methane as Reaction Gas 
The ionization potential of CH4 (12.6 eV) is lower than for Ar2+ (14.4 eV), making 
charge transfer (reaction type [1]) possible: 

[8]  Ar2+ + CH4  2Ar + CH4+    ∆rH:-181 kJ/mole 

The reaction furthermore leads to the dissociation of the Ar-dimer, which 
results in a positive reaction entropy. Methane provides a faster and more 
efficient attenuation of the Ar2+-signal (Figure 3.11) than hydrogen (Figure 3.9). 
The background signal can be reduced by 3 orders of magnitude when the CH4 
flow is changed between 0.05 and 0.2 mL/min. Collisional focusing of the 80Se+-
signal (mion/mgas = 5) is apparent for gas flows up to 0.3 mL/min methane. The 
subsequent decay of the Se-signal is the result of scattering losses. 
 

 
Figure 3.11: Reaction profile for 80Se+ using methane as reaction gas (left) and the corresponding 
background-corrected isotope ratios (right). 

 
The change of the intensity ratios for 80Se+/76Se+ (Figure 3.11) indicates the 
formation of secondary ions at m/z 80, when increasing the flow above 0.2 
mL/min. This is confirmed by the variation of the signal/background ratio for 
80Se+ with RPq as shown in Figure 3.12. A significant increase is observed when 
RPq is set above 0.35 when the cell is pressurized by a flow of 0.15 mL/min 
methane. At a flow of 0.31 mL/min a higher SBR is obtained and the 
dependence on RPq is diminished. 
Any contribution of Ar2+ to the background signal would not affect the SBR 
upon variation of RPq, because it affects the transmission of the ICP-generated 
ions similarly. This implies that additional secondary ions occur at m/z 80 as 
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intermediate species. The origin of the species is not identified yet but the cut-
off value for RPq is again in the range of 0.5 when measuring at m/z 80, which 
indicates that a precursor ion is most probably Ar+. 
 

 
Figure 3.12: Signal/background ratios for 80Se+ (20 µg/L) with increasing RPq for a reaction gas 
flow of 0.15 and 0.31 mL/min methane. 

 
Oxygen as Reaction Gas 
With O2 as reaction gas, resolution of Se+ from Ar2+ can be achieved either by 
charge transfer (type [1]) with Ar2+: 

[9]  Ar2+ + O2  2Ar + O2+   ∆rH: -224 kJ/mole 

or by oxygenation (type [3]) of Se+ and detection of 80Se16O+ at m/z 96: 

[10]  Se+ + O2  SeO+ + O   ∆rH: -24 kJ/moled 

The corresponding reaction profiles are given in Figure 3.13. The Ar2+ signal 
steadily decreases until the instrumental background is reached at a flow 1 
mL/min O2. Reactions of Se+ with O2 and scattering lead to a continuously 
decreasing net signal for 80Se+ with increasing gas flow. 
The highest ion signal for SeO+ is obtained at an O2 flow of 0.4 mL/min, after 
which it decays with a similar slope as Se+. Only a small variation is seen for the 
blank signal at m/z 96, which is close to instrumental background at all O2-flow 
rates. Despite a higher sensitivity for Se+ compared to SeO+, the SBR that can be 
achieved is almost identical for both species (Figure 3.13) due to the smaller 
background signals at m/z 96.  
The isotope ratios for Se+ in the spiked solution exhibit no dependence on the 
reaction gas flow and RPq, which indicates that secondary ions are not formed 
in significant amounts.  
                                                 
d  An upper limit of ∆fH for SeO+ of 895 kJ/mole is estimated from the ∆fH of SeO2 (-110 kJ/mole)(256) 

and the appearance potential of SeO+ from SeO2 (13 eV or 1254 kJ/mole) (238). If the true value were in 
fact lower, it would make the reaction more exothermic. 
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Figure 3.13: Reaction profiles at m/z 80 and 96 for Se+ and SeO+ (left) and the corresponding 
signal to background ratios at m/z 80 and 96 (right).  

 
Nitrous Oxide as Reaction Gas. 
N2O also allows using both charge transfer  

[11]  Ar2+ + N2O  2Ar + N2O +    ∆rH: -164 kJ/mole 

and by oxygenation of Se+: 

[12]  Se+ + N2O  SeO+ + N2    ∆rH: -540 kJ/mole 

to overcome the Ar2+ interference. Due to its higher molecular mass, higher 
polarizability and permanent dipole moment, the conversion of Ar2+ or Se+ is 
achieved at significantly lower gas flows (Figure 3.14) compared to O2 as 
reaction gas (Figure 3.13).  
The highest SBR for Se+ and SeO+ is reached at approximately half the gas flow 
rate compared to O2 but is in both cases smaller by almost an order of 
magnitude. The isotope ratios again show no significant dependence on 
reaction gas flow or RPq. 
 

 
Figure 3.14: Reaction profiles for Se+and SeO+ in N2O. 
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Interference Studies 

The method development also needs to take into account that “real world 
samples” usually are not acid blanks but also contain a variety of other 
elements at variable concentrations. These elements may undergo a reaction 
inside the DRC and form additional interferences or have an isotope at the m/z 
that shall be used for analysis, like Zr+, Mo+ and Ru+, which have an isotope at 
m/z 96 where 80Se16O+ would be measured when using an oxygenation reaction. 
In the present example it needs to be assured that potential interferences at m/z 
96 are removed efficiently with O2 and N2O. The corresponding oxygenation 
reactions of Zr+ and Mo+ are thermodynamically allowed: 

[13]  Zr+ + O2  ZrO+ + O     ∆rH: -374 kJ/mole 

[14]  Zr+ + N2O  ZrO+ + N2     ∆rH: -783 kJ/mole 

[15]  Mo+ + O2  MoO+ + O     ∆rH: -11 kJ/mole 

[16]  Mo+ + N2O  MoO+ + N2     ∆rH: -420 kJ/mole 

while oxygenation of Ru+ is endothermice: 

[17]  Ru+ + O2  RuO+ + O     ∆rH: ≈817 kJ/mole 

[18]  Ru+ + N2O  RuO+ + N2     ∆rH: ≈486kJ/mole 

Even though an association reaction of Ru+ with O2 has been observed to 
proceed at slow rates(250) and the reaction entropy for the oxygenation by N2O is 
positive, it can be assumed that the efficiency of this reaction will not be high 
enough to remove Ru+ from m/z 96.  
Zr+ and Mo+ on the other hand react both with both O2 and N2O. The reaction of 
Zr+ proceeds considerably faster in both reaction gases. Figure 3.15 compares 
the reaction profiles for a solution of 100 µg/L 96Zr+, 96Mo+ with the formation of 
80Se16O+ (20 µg/L Se) using O2 as reaction gas.  
At the optimum gas flow for the determination of Se as SeO+ (0.4 mL/min O2), 
the interference from a solution of 100 µg/L Zr can be reduced to the 
instrumental background, while the same concentration of Mo requires a 
reaction gas flow of at least 1 mL/min to be removed completely. It shall be 
noted here that the reaction profile is shifted vertically, proportionally with the 
concentration of the elemental ions. Thus, the reaction profile of 96Mo+ is offset 
because of its higher relative abundance (16.7%) compared to 96Zr (2.8%). The 
reaction efficiency, however, is described more adequately by the slope of the 

 
e  ∆fH for RuO+ of 1211 kJ/mole was used in the calculations, which is an estimated value (235). It can be 

assumed, however, that the uncertainty is significantly smaller than the endothermicity of the listed 
reactions. 
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decay. Coefficients for an exponential fit of the signal decay are –13.4 for 96Mo+ 
and –25.8 for 96Zr+, which indicates a substantial difference in reactivity. This 
also determines the maximum tolerable concentration of Mo and Zr in the 
sample, when Se shall be analyzed as 80Se16O+ after oxygenation with O2. While 
the tolerable concentration for Zr is 100 µg/L, Mo must not exceed 0.1 µg/L to 
assure complete conversion of 96Mo+ at the optimum gas flow for the 
detrmination of SeO+.  
 

 
Figure 3.15: Reaction profiles for Mo+ and Zr+ (100 µg/L) with O2 compared with the formation 
of SeO+ (20 µg/L). 

 
Despite the fact that oxygenation of Mo+ by N2O should be favored by the 
reaction energy when compared with O2 as reaction gas, the reaction profiles 
are remarkably similar (Figure 3.16). The exponential coefficient for the 
exponential fit between 0.2 and 0.5 mL/min is –14.9, which is almost identical to 
that obtained for O2.  
 

 
Figure 3.16: Reaction profile for Mo+ and production of MoO+ in N2O and O2. 
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It is therefore obvious that the magnitude of exothermicity is not necessary a 
suitable indicator for the efficiency of conversion, when comparing different 
reaction gases. 
The determination as SeO+ is therefore limited by the slow reaction of Mo+ with 
O2 and N2O. This low efficiency together with the stronger suppression of SeO+, 
especially when N2O is used, renders these reaction channels useful only in the 
absence of substantial amounts of Mo. The possible interference from 96Ru+ was 
not investigated during this studies but it must be expected that this 
interference cannot be removed from m/z 96 by reaction with O2 and N2O and 
needs to be monitored when Se shall be analyzed by oxygenation. 
A different situation occurs at m/z 80 where N2O and O2 where found to 
produce an additional interference when the sample contains a high 
concentration of Zn. Figure 3.17 shows the reaction profile obtained in O2 when 
a solution of 1 mg/L Zn is nebulized. High background signals are observed at 
m/z 80 and 82 with increasing O2-flow, while the signals at m/z 76, 77 and 78 
exhibit the same flow-dependence as observed in a nitric acid blank.  
The net intensity ratio between m/z 80 and m/z 82 at O2-flows above 1 mL/min 
is 1.7, which is comparable to the natural ratio of 1.74 for 64Zn/66Zn, taking into 
account a mass bias of 2.5% per m/z. This leads to the conclusion that ZnO+ is 
formed, despite the endothermicity of the condensation reaction with O2: 

[19]  Zn+ + O2  ZnO+ + O    ∆rH: 364 kJ/mole 

The reaction enthalpy with N2O, is only slightly positive: 

[20]  Zn+ + N2O  ZnO+ + N2    ∆rH: 33 kJ/mole 

and the reaction entropy is positive, which might be sufficient to promote this 
reaction. 

 
Figure 3.17: Reaction profiles at the Se-isotopes when introducing 1 mg/L Zn-solution. 
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Koyanagi et al. observed an association reaction of Zn+ with O2 under thermal 
conditions(251), while the condensation reaction has been reported not to proceed 
in a thermal environment(252).  
The dependence of the ZnO+ signal on RPq furthermore exhibits an unusual 
structure in O2 and N2O. While the formation of a secondary ion inside the DRC 
is usually characterized by elevated ion signals, which decrease when the 
precursors` cut-off value is surpassed, the 66Zn16O+ signal is found to increase 
steadily until it peaks at an RPq of 0.53 (Figure 3.18). The following decay 
exhibits structure that is similar to that observed for 82Se+ but appears steeper 
than for the elemental ion.  
The conversion of Zn+ into ZnO+ appears not be very efficient (ZnO+ / Zn+ was 
always found below 0.3%) and occurs at a very similar level in both reaction 
gases. Nevertheless it will lead to a significant interference in the measurement 
of 80Se+ and 82Se+ when the concentration of Zn in the sample is sufficiently high.  
Possible pathways that could lead to the formation of ZnO+ are: a) condensation 
with O2 or N2O in an energetic collision at the entrance of the DRC, b) reactions 
of electronically excited Zn+, c) Rf-heating when the ion motion couples to the 
oscillatory fields at increasing RPq and d) exothermic reactions with O or O3 
according to: 

[21]  Zn+ + O  ZnO+       ∆rH: -134 kJ/mole 

[22]  Zn+ + O3  ZnO+ + O2     ∆rH: -28 kJ/mole 

The average kinetic energy of the Zn-isotopes before entering the DRC is in the 
order of 8.2 eV or 790 kJ/mole. The collision energy in the COM frame (see 
Equation 2.4) is then 260 kJ/mol in a collision with O2. This indicates that 
pathway a) could only contribute to the formation of ZnO+ if a high number of 
Zn+ ions has significantly more than average kinetic energy and all the collision 
energy is converted into chemical energy in the very first collision. Even though 
the collision energy with N2O (316 kJ/mole) is higher than the endothermicity of 
the oxygen atom transfer in this case, it still seems to be an unlikely source of 
ZnO+ because then one would expect much greater differences in its formation 
between both reaction gases.  
Pathways b), c) and d) require a condensation reaction inside the DRC to form 
ZnO+, which should have a fairly different dependence on RPq than observed. 
The ion signal of 66Zn16O+ should increase with concentration of 66Zn+ in the cell, 
and the highest signals can be expected for RPq value of 0.32 when measuring 
m/z 82, where m/z 66 has an RPq of 0.4. This value leads to the highest 
transmission of the elemental ions as seen for 82Se+ in Figure 3.18.  
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Figure 3.18: Dependence of the transmission/formation of 82Se+ and 66Zn16O+ with increasing 
RPq. The ion signals were normalized to the value obtained for RPq = 0.53, which yields the 
highest intensity for 66Zn16O+. 

 
Surpassing RPq of 0.4, one would expect a gradual decrease in the abundance 
of ZnO+ until the cut-off value for Zn+ at an RPq of 0.73 is reached, where ZnO+ 
cannot be formed anymore.  
The abundance of electronically excited Zn+ (pathway b)) furthermore can be 
expected to be insignificant when entering the DRC. A contribution from Rf-
heating, potentially responsible for pathway c) should be below 0.8 eV for Rpq 
values below 0.75, which is significantly smaller than the endothrmicity for 
reaction [19]. Finally, the abundance of O and O3 in the reaction volume 
(pathway d)) is considered to be too small(237) to be responsible for the formation 
of ZnO+ at significant levels.  
It is not a satisfactory situation, but it must be concluded that the reaction 
mechanisms that lead to ZnO+ cannot be determined at this stage. 
 

Quantitative Analysis and Limits of Detection.  

The standard reference material (SRM) 1640 (riverine water, NIST, 
Gaithersburg, USA) was analyzed in 20-fold dilution for Se (nominal Se-
concentration 21.96 µg/L, after dilution: 1.098 µg/L) using the optimized 
conditions for each reaction gas. Calibration was carried out using standards 
with concentrations of 0.01, 0.05, 0.1, 0.5, 1.0 and 5.0 µg/L Se and also 20 µg/L of 
In as internal standard in a 1% (v/v) nitric acid solution. All measurements were 
conducted on a single day from the same solutions, keeping the ICP-operating 
conditions constant during all the experiments. After switching to a new 
reaction gas, the DRC was flushed for at least 1 h prior to the measurements to 
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ensure complete exchange of the reaction gases. The gases were used in the 
order: H2 - CH4 - O2 - N2O. A linear calibration was obtained in all experiments.  
The analytical results and operating parameters for the DRC are summarized in 
Table 3.3.  

Table 3.3: DRC conditions and analytical results for the determination of Se in SRM NIST 1640, 
measured in 20-fold dilution. Se-concentration: 1.098 µg/L 

 
Gas flow 
mL/min RPa / RPq 

Isotope used LOD 
µg/L 

Measured 
Conc, µg/L Rel Diff 

H2 1.8  0 / 0.55 80Se+ 0.01 1.09±0.012 -0.7% 
CH4 0.35  0 / 0.5 80Se+ 0.002 1.09±0.010 -0.7% 
O2 0.75  0 / 0.4 80Se+ 0.06 1.9±0.31 73% 

N2O 0.45  0 / 0.4 80Se+ 0.05 1.7±0.11 55% 
O2 1.0  0 / 0.45 80Se16O+ 0.02 1.17±0.032 6.6% 

Std mode Cell vented 0 / 0.25 77Se+ 0.15 1.05±0.015 -4.4% 

 
Best agreement to the reference value is obtained when H2 and CH4 are used, 
the latter providing also the lowest limit of detection. O2 and N2O in all cases 
yield too high concentrations for 80Se+, which is likely to be caused by secondary 
ions, possibly ZnO+ or TiO2+. The determination as SeO+ with O2 as reaction gas 
yields slightly better agreement to the reference value but the deviation is still 
too high to be used for trace analytical purpose. It must be realized that the 
complex composition of the natural water sample compared to the calibration 
solutions makes the use of oxidative gases in this application problematic. 
 

The conversion efficiency of the different reaction gases, a qualitative 
discussion. 

 
The reaction gases used in this study exhibit a notable difference in reactivity 
with respect to the reduction of the Ar2+ signal. Their specific reactivity is 
proportional to the decay rates, measured with increasing the reaction gas flow 
in the DRC. As discussed already for the reactions of Zr+ and Mo+ with O2 and 
N2O, the reaction profile of Ar2+ usually exhibits an exponential decrease of the 
signal with gas flow before the instrumental background is reached or 
secondary ions dominate the signal at m/z 80. The coefficients of the 
exponential fit for the Ar2+ signal should be related to the reaction rate constant 
and the residence time of the ions inside the cell (i.e. the term -k·τ in Equation 
2.5). These coefficients have been calculated from the reaction profiles for the 
gas flow range where deviations from the exponential decay were found to be 
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minimal. Table 3.4 lists the coefficients together with thermodynamic and 
kinetic data for the proposed reactions.  
 

Table 3.4: Decay coefficients of Ar2+ with different reaction gases and selected physical and 
kinetic data for the reactions. 

 H2 CH4 O2 N2O 
Ionization Energy, eV 15.42 12.6 12.07 12.89 
Polarizability, 10-3 nm3 
Dipole Moment, D 

0.802 
- 

2.59 
- 

1.58 
- 

3.03 
1.67 

Molecular Radius, nm 0.145 0.19 0.173 0.193 
Reaction Enthalpy, kJ/molea) -12 (AT) -150 (CT) -224 (CT) -164 (CT) 
Lit. reaction rate, cm3/s 5*10-10 1*10-10 1*10-10 8*10-10 

Experimental decay coefficientb) -4.7 
(0.35–1.75) 

-52 
(0.05-0.2) 

-22 
(0.18-0.57) 

-63 
(0.05-0.2) 

a) AT: atom transfer reaction, CT: charge transfer reaction 
b) Values in brackets indicate the gas flow range used for calculation of the decay coefficient 

 
It is obvious that the conversion efficiency of Ar2+ in the DRC is not always 
determined by the reaction rate constants obtained for thermal ions and the 
observed deviations appear to be related to the polarizability and/or size of the 
reaction gas molecule. A thermal model, however, cannot account for the 
different decay coefficients observed in the different gases (Figure 3.19), which 
is consistent with the observations described in chapter 3.1 that the degree of 
thermalization of the ion beam depends strongly on the molecular mass of the 
gas target.  
 

 
Figure 3.19: Plot of the thermal reaction rate constants normalized to the measured decay 
coefficients for the reaction of Ar2+ ions as a function of (α/µ)1/2 of the reaction gas. Only O2, N2O 
and CH4 show some correlation to the thermal reaction rate constants, while the reaction with 
H2 is obviously not following the Langevin theory. 
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If, on the other hand, a non-thermal hard-sphere collision model would 
describe the reaction kinetics (Equation 2.6), a linear correlation between the 
square root of the measured decay coefficients (proportional to –k in this case) 
and the molecular radius of the reaction gas should be observed. In Figure 3.20 
it can be seen that the deviation from this theory is highest for reaction gases 
that have the largest polarizability and a permanent dipole moment. This 
indicates that long-range interactions between the ion and the gas molecules are 
important. 
 

 
Figure 3.20: Dependence of the square root of the decay coefficient on the radius of the gas 
molecule. A positive deviation observed for increasing mass and polarizability of the reaction 
gases indicates that the hard-sphere collision model is not describing the relative reactivity 
satisfactorily. 

 
A strong correlation is in fact observed between the decay coefficients and the 
polarizability of the reaction gas (Figure 3.21) and it is assumed that the reaction 
kinetics inside the DRC are described best by a transition from a hard sphere 
collision model towards a more thermalized ion beam. The degree of 
thermalization of the Ar2+ ions, however, does not solely depend on the mass of 
the reaction gas but also significantly on the extent of long-range interactions 
with the reaction gas molecule. 
It is apparent that none of the collision theories describes the situation in the 
DRC completely and it is assumed that thermal conditions are approximated 
with increasing long-range interactions between the ions and the reaction gas, 
but not fully achieved. 
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Figure 3.21: Dependence of the measured decay coefficients on the polarizability of the reaction 
gas. 

 
 

Conclusion 

The method development for chemical resolution of a given analyte / 
interference pair may be accomplished by different ion molecule reactions. 
Because each reaction gas has a different characteristic with respect to the 
efficiency of interference reduction and formation of secondary ions, a careful 
investigation of the possible reaction channels is mandatory. The reaction 
efficiency obtained for different reaction gases may not be closely correlated to 
literature reaction rates when the ion beam is not thermalized. Due to this 
insufficient thermalization, hydrogen is less efficient for suppression of the Ar2+ 
than would be expected from the reaction rate constants measured under 
thermal conditions. The conversion efficiency obtained for the other reaction 
gases is related to their polarizabilities, which indicates that long-range 
interactions lead to increasing collision cross section and accordingly increase 
the conversion efficiency. 
Unexpected reaction products have occurred, which might have been formed 
through intermediate species after an initial charge transfer process by Ar+ ions. 
Even when these cell-generated ions are formed at low rates, a high 
concentration of the precursor can lead to severe interferences. The formation of 
ZnO+ in N2O or O2 is an example for such unexpected secondary ions.  
This study has shown that SBR and isotope ratios are suitable optimization 
criteria for the method development when using ion molecule reactions. The 
highest reaction efficiency is generally obtained at the highest SBR, which may 
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not coincide with the lowest limit of detection but allows a better definition of 
the parameters where interferences are minimized. Another suitable indication 
for the formation of secondary ions is obtained from isotope ratio 
measurements. Because interference and analyte ions usually exhibit a different 
reactivity with the gas and are differently affected by changes of the 
transmission properties, the ratio of an interfered isotope should approach the 
true value when the interference is suppressed either directly in a reaction or by 
rejection of the precursor ions. This is why the optimization of both, 
transmission settings and reaction gas flow need to be carried out with samples 
containing the precursors of potentially formed secondary ions.  
Usually one will have to choose a compromise setting between the highest 
sensitivity and most efficient interference suppression to obtain accurate and 
reliable analytical results. Using a condensation reaction of the analyte may be 
useful when the interference cannot be suppressed directly. It needs to be 
ensured however that the target mass is interference free, especially under the 
operating conditions used for analysis. When the interference occurs at variable 
concentrations (for example Mo+ when Se shall be determined as SeO+) in the 
DRC, the reaction gas flow needs to be selected according to the highest 
concentration that can be expected for a set of samples that need to be analyzed. 
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The following chapters describe applications, of ion molecule reactions in the 
DRC to existing analytical problems and to assist in the description of 
mechanisms that lead to the formation of polyatomic ions in the ICP-MS. 
 

4.1. Experimental Evidence for the formation of Doubly 
Charged Oxide and Hydroxide Ions in Inductively 
Coupled Plasma Mass Spectrometry 

 
The dynamic reaction cell is by its design not an instrument to study ion-
molecule reactions. This is mostly because relevant physical parameters 
required for deriving thermodynamic data from the observed reaction profiles 
as pressure, temperature and ion energy, can only be estimated. It proved 
however useful to understand the source of metal-oxide ions in the mass 
spectrum of an ICP-MS. The formation of multiply charged polyatomic ions in 
particular has never been reported to occur in ICP-MS spectra, but during these 
studies could be shown that doubly charged oxide ions are formed at detectable 
levels for some elements. The results of this investigation have been published 
in Fresenius Journal of Analytical Chemistry, (2001), 370, pp. 483-487. 
 

Introduction 
The formation of oxide and doubly charged ions has always been of major 
concern in the optimization of an ICP-MS and has been studied in great detail. 
However, the observation of multiply charged polyatomic ions in ICP-MS has 
not been reported in the literature. The aim of this study was to investigate the 
formation of ThO2+ and to describe the mechanism of its formation in the ICP-
MS. The fact that doubly charged polyatomic ions have never been reported 
before may be caused by their relatively low abundance compared to singly 
charged oxides (e.g. CeO+ or ThO+), but most likely due to the fact that the m/z 
of such a species is in the region of other elemental ions. This makes a separate 
identification difficult. In fact the experiments reported here were initiated by 
observations where the abundance of ThO2+ was artificially enhanced. 
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Nevertheless these species can be found under routine conditions with all the 
instruments used in this study.  

Experimental: 
To exclude instrument specific operation characteristics, experiments were 
performed using three different ICP-MS instruments. Two systems were 
quadrupole based ICP-MS, a PE/SCIEX Elan 6100 DRC and an Elan 6000 which 
have a similar set up with respect to the ICP-source, the ion extraction system 
and analyzer/detector configuration. The principal difference between the 
systems is the presence of the dynamic reaction cell (DRC) in the ELAN 6100 
DRC. The DRC (Figure 2.1) is realized through a cylindrical volume with an 
entrance and exit aperture, which holds a bandpass quadrupole with adjustable 
mass transmission(212,223,245). When operated in standard mode, no gas is added 
and the cell vent releases the neutral gas entrainment to the high vacuum part 
of the mass spectrometer. The operating properties of the bandpass are adjusted 
for each target ion to maximize its transmission and eliminate precursor ions of 
interferences from the reaction volume by adjusting the center mass and 
bandpass width with the mass of the ion to be analyzed.  
The third instrument used here was a Finnigan MAT Element 2 sector field 
instrument. This instrument uses a double focusing mass spectrometer, which 
provides a mass resolution of up to 10.000. This instrument was operated with 
grounded metal shield, placed between load coil and torch (guard electrode), 
which reduces the plasma potential and enhances ion transmission(255). The 
instrument was operated in medium resolution, in which the mass separation 
of ThO2+ and ThOH2+ from the adjacent elemental ions 124Sn+, 124Xe+, 124Te+ and 
125Te+ can be achieved. The operating parameters are summarized in Table 4.1. 
A solution of 200 µg/L Th was used in the experiments with the ELANs. For the 
experiments on the Element 2, this concentration was reduced to 40 µg/L to 
account for the higher sensitivity of this instrument. The samples were 
prepared from a 1 g/L Th stock solution (Merck, Germany) diluted with 1 % 
(v/v) HNO3 (65%, Suprapur, Merck, Germany) in 18 MΩ deionized water 
(Millipore, France). 
Additional data were provided from the Paul Scherrer Institute, Villigen, 
Switzerland, where the formation of NpO2+ has been observed using a VG-
Elemental PQ2 ICP-MS.  
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Table 4.1: ICP-MS Operating Conditions 

 ELAN 6100 
DRC 

ELAN 6000 Element 2 

Rf-Power, W 1350 1350 1350a 
Nebulizer gas flow, L/min 0.99 0.95 0.883 
Nebulizer Meinhardt-type, Quartz concentric 
Spray Chamber Quartz, cyclonic 
Auxiliary gas flow, L/min 0.9 0.9 0.92 
Cool gas flow, L/min 14.5 14 15 
Injector tube ∅, mm 2 2 2 
Sampling distanceb, mm 10 10 9 
Sampler hole ∅, mm 1.14 1.14 1.0 
Skimmer hole ∅, mm 0.8 0.8 0.8 
Mass resolution < 350c 3100 
Data acquisition Scanning E-Scan 

a: operated with grounded guard electrode 
b: measured between sampler tip and load coil end 
c: ≈ 0.8 m/z peak width at 10% peak height across the mass range 

 
To study reaction profiles of the Th+ ions, the DRC was pressurized with a 
buffer gas (Neon). Using this set up the Th+ ions were allowed to react with 
impurities in the buffer gas and the yield of the product ions was monitored 
with increasing gas flow to the cell. The gas was added to the DRC by using line 
B, which is not equipped with a gas purifying getter, in order to increase the 
concentration of the oxygen impurities (especially water and molecular oxygen, 
which are believed to be the main reactants). In the standard mode of operation, 
the instrument is comparable to the ELAN 6000 and the DRC in this case merely 
acts as an ion guide.  
 
Table 4.2: Operating conditions for the dynamic reaction cell 

Dynamic reaction cell parameters  
Dynamic reaction cell gas Neon, 99.9995 % Spectra Gases 
Dynamic reaction cell gas flow, mL/min 0.1 – 1.1  
RpQd 0.25f 
RpAe 0 
Quadrupole rod offset, V -8 
Cell rod offset, V +2 
Cell path voltage, V -26 
d: Rejection parameter q of the bandpass quadrupole 
e: Rejection parameter a of the bandpass quadrupole 
f: low mass cut off at approximately 0.3 • m/z of target mass 
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Results and discussion 
The mass spectrum obtained when aspirating a solution of 200 µg/L Th with the 
ELAN 6100 DRC operating in standard mode is shown in Figure 4.1. A 
contribution of Sn+ to the signal at 124 u is present but the signal measured does 
not match to the isotopic abundance of 124Sn. A shoulder at 124.5 u is present in 
the spectrum and cannot be explained through ions other than ThOH2+.  
 

 
Figure 4.1: Raw spectrum for Th2+, ThO2+ and ThOH2+ obtained from a solution of 200 ng/L Th 
on the ELAN 6100 DRC in standard mode. 

 
The spectra obtained from the Element 2 (Figure 4.2) show a similar distribution 
for ThO2+ (exact m/z: 124.016 u) and ThOH2+ (exact m/z: 124.52 u) next to the 
124Sn and 124Xe isotopes. The agreement between the measured and theoretical 
m/z is very good.  
 

 
Figure 4.2: Raw spectrum for Sn+, Xe+, ThO2+ and ThOH2+ obtained from a solution of 200 ng/L 
Th on the Element 2. 

 
Spectra recorded on a VG Elemental PQ2 ICP-MS during nebulization of a 
solution containing 1000 mg/L Np as matrix, showed the presence of NpO2+ and 
NpOH2+ on this instrument too (data not shown).  
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The relative intensities for the Th-species relative to Th+ or Th2+ as measured on 
the different instruments are summarized in Table 4.3. Elemental sensitivity is 
different for each system owing to their general set up and mode of operation, 
and shall not be discussed here. Comparing the two ELAN systems, with the 
ELAN 6100 DRC operated in standard mode, we observe a similar formation of 
the singly and doubly charged ions relative to Th+. A different characteristic 
was obtained on the Element 2 where the formation of ThO+ was much higher, 
which is attributed to the operation conditions that were not specifically 
optimized for low oxide abundance.  
 

Table 4.3: Intensity ratios for oxide and hydroxide ions on the different ICP-MS 

 ELAN 6100 DRCa ELAN 6000 Element 2 
Th+, cps 5.9 × 107 1.5 × 108 3.4 × 108 
ThO+/Th+ 7.8 × 10-2 4.9 × 10-2 5.9 × 10-1 
ThOH+/ Th+ 5.2 × 10-3 6.1 × 10-3 2.8 × 10-3 
ThO2+/ Th+ 4.2 × 10-4 1.8 × 10-4 3.9 × 10-4 
ThOH2+/ Th+ 2.8 × 10-4 1.1 × 10-4 1.6 × 10-4 
Th2+/Th+ 3.0 × 10-2 0.8 × 10-2 2.3 × 10-2 
ThO2+/Th2+ 1.4 × 10-2 2.2 × 10-2 1.7 × 10-2 
ThOH2+/ Th2+ 9.4 × 10-3 1.3 × 10-2 7.2 × 10-3 
a: operation in standard mode  

 
On the other hand, all instruments show a good agreement in the specific ratios 
of Th2+/Th+ (0.8 – 3 %), ThOH+/Th+ (0.3 – 0.6%), ThO2+/Th2+ (1.4 – 2.2%) and 
ThOH2+/Th2+ (0.7 – 1.3%). No notable trend is seen for these ratios which could 
be related to the specific instrument type. Comparing the extent of formation of 
the hydroxide ions, the ratio for ThOH2+/Th2+ is about 2 times higher than the 
ThOH+/Th+ ratio for all instruments (ELAN 6000: 2.1, ELAN 6100 DRC: 1.8, 
Element 2: 2.6). In contrast to the formation of the hydroxides, the ThO2+/Th2+ 
ratio is significantly smaller than the ThO+/Th+ ratio.  
 
Influence of the plasma operating parameters 
The influence of the nebulizer flow rate on the ion signals for Th+, ThO+, Th2+ 
and ThO2+ for Rf-power settings of 1100 W and 1350 W are shown in Figure 4.3. 
While Th2+ and ThO2+ show a similar dependency on the operating conditions 
and reach their maximum signals within a narrow flow range at both power 
settings, ThO+ has the maximum at significantly higher flow rates compared to 
Th+, however, ThO2+ shows a much broader peak. This indicates that the 
formation of ThO2+ is dominated by a secondary reaction of Th2+ at the flow 
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rates typically used in ICP-MS (around 0.95 L/min for 1100 W or 1 L/min at 1350 
W). At higher flow rates a different process seems to become more important. 
These processes may also be responsible for the formation of ThO+, but there is 
no strong dependence on the presence of Th+. This indicates that the second 
process, probably direct ionization of ThO, is the dominating mechanism 
 

 
Figure 4.3: Variation of the Signals for Th+, Th2+, ThO+ and ThO2+ with the nebulizer flow at a Rf-
power of 1100 W (left) and 1350 W (right) on the ELAN 6100 DRC. 

 
Reaction profiles of Th+ and Th2+ 
To study relative reaction profiles of the Th-species with oxygen compounds, 
the DRC on the ELAN 6100 was pressurized with increasing flow of Ne and 
operated without discrimination between plasma-and cell-generated ions. 
Increasing signals for all oxide species were observed with increasing neon 
flow. The ion signal for Th+ first increased due to a collisional focusing 
mechanism(210) until a maximum was reached at 0.4 to 0.5 mL/min (Figure 4.4). 
At higher flow rates, the focussing effect is overcompensated by the loss of Th+ 
in reactions and the signal drops, while ThO+, ThOH+ and ThO2+ (not shown) 
increase steadily. The reaction profiles of Th2+, ThO2+ and ThOH2+ show a 
similar behavior but the maximum is reached at a much lower neon flow rate 
(Figure 4.4). Similarly to the elemental ions, the oxide and hydroxide ions 
further react and their ion signals decay after a maximum signal is reached. The 
flow at which the maximum signal is observed should correspond to the 
reactivity of the species involved with oxygen or water. The earlier the 
maximum is reached, the higher the reactivity. According to this the reactivity 
decreases in the order: 
Th2+ >> Th+ > ThOH2+ > ThO2+ > ThO+ ≈ ThOH+  
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Figure 4.4: Reaction profiles for Th+, ThO+ and ThOH+ with oxygen impurities, measured when 
the DRC is pressurized with increasing flow of Ne. 

 
Qualitative discussion of the formation of doubly charged polyatomic ions. 
The results obtained in this study indicate that several independent processes 
are involved in the formation of oxide and hydroxide ions in an ICP-MS. The 
formation of singly charged oxide ions shows a strong dependence on the 
plasma operating conditions, while the appearance of the doubly charged 
species is closely related to the presence of the doubly charged elemental ion. 
For typical operation of the ICP-MS, where H2O, O2 and NOx are the major 
source of oxygen in the ICP, the possible reactions that lead to the formation of 
the oxide/hydroxide ion are: 
Ionization of the neutral / singly charged polyatomic species 

[23]  ThO    ThO+ + e- / ThO+    ThO2+ + e- 

Condensation or association reaction of an oxygen containing compound with 
Th+ / Th2+ 

[24]  Th+ + H2O  ThO+ + H2 / Th2+ + H2O  ThO2+ + H2 

Condensation or association reaction of an oxygen containing cation with Th / 
Th+  

[25]  Th + H2O+  ThO+ + H2 / Th+ + H2O+  ThO2+ + H2 

 
Unfortunately, thermodynamic data for Th2+, ThO2+ or ThOH2+ are not readily 
available today, which makes the determination of the dominating processes 
difficult. In the following we attempt to describe the formation of these species 
on the basis of the results obtained here. 
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we expect that reaction [25] is generally only of minor importance, since the 
number density of free Th atoms in the ICP should be very small and the 
reaction involving Th+ is unfavorable due to the electrostatic repulsion between 
two cations. Although one might expect that charge transfer is a preferred 
reaction for Th2+, the apparent relationship between the abundance of ThO2+ and 
Th2+ upon variation of the ICP operating conditions indicates that Th2+ must be 
present as precursor before ThO2+ is formed. The experiments using the 
pressurized DRC show that, under nearly thermal conditions, the formation of 
ThO2+ and ThOH2+ proceeds with high efficiency, which indicates that the 
reaction is thermodynamically favored (i.e. exothermic). This implies that the 
ionization potential for the reacting molecule is higher than for Th+ (IE: 11.5 eV), 
which is the case for example for O2 (IE: 12.06 eV) H2O (IE: 12.6 eV) and CO (IE: 
14.01 eV) (all data from(256), or that the rearrangement of the O-bond releases 
sufficient energy to compete with charge transfer. Due to this, we assume that 
reaction [24] is the dominating process in the formation of ThO2+ and ThOH2+ in 
the ICP-MS. Unfortunately we cannot, at this stage, clearly determine which 
reactant is involved but, considering to the low concentration of C in the 
samples used, it is most likely either O2 or H2O. The ionization of ThO+ 
according to reaction [23] can take place in the ICP itself or in a secondary 
discharge in the interface region. Under nearly thermal conditions, ionization 
could be possible in a charge transfer reaction, which, in the case of ThO+, 
would require the unlikely collision with another cation (e.g. Ar+). we assume 
that reaction [23] is more likely to be the cause for the drastic increase of ThO+ 
with increasing nebulizer flow, and the broadened peak of ThO2+ in Figure 4.3.  
Marçalo et. al.(257) have described the presence of ThO2+ and ThOH2+ in FTICRMS 
measurements. They stated that these species are produced in a secondary 
reaction of the metal ions with oxygen or water after Th+ and Th2+ ions were 
generated by laser desorption/ionization from a metal target.  
 

Conclusion 
ThO2+ and ThOH2+ were observed in the mass spectrum obtained by ICP-MS 
and the formation appears, in general, to be independent of a specific type of 
instrument. The abundance is directly related to the abundance of Th2+ in the 
mass spectrum and, therefore, indirectly depends on the operating conditions 
of the ICP. In a nearly thermal environment, oxidation and hydroxylation of 
Th2+ ions and takes place with high efficiency. Owing to this, we postulate that 
these species are mostly formed in a secondary reaction of Th2+ during ion 
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extraction in the interface and ion optic region, but are not produced to great 
extent in the ICP source under typical operating conditions. A detailed 
discussion of the data presented here is limited through the lack of 
thermochemical data for reactions of the doubly charged ions. However, the 
interpretation is supported by observations made by FTICRMS, though not 
obtained under closely comparable conditions. In general the degree of 
formation of doubly charged oxide and hydroxide ions will depend on the 
extent of formation of the doubly charged elemental ion in the ICP and its M-O 
bond energy, which both are generally high for the actinide and lanthanide 
elements. Thorium is one of the most oxophilic elements in the periodic table so 
that the degree of formation of MO2+ and MOH2+ for other elements is probably 
lower. Nevertheless, the presence of these species can have an influence on the 
analytical results in ultra-trace and isotope analysis with ICP-MS and they need 
to be considered in the analysis of matrices containing high concentrations of 
refractory elements. Further experiments should be carried out to investigate 
the thermodynamic properties of the reactions involved and equivalent 
reactions of other elements that produce a significant amount of doubly 
charged ions in the ICP. This will be helpful to better understand the related 
process and to predict whether a specific element may cause interferences 
through the formation of doubly charged oxide or hydroxide ions. 
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4.2.  Simultaneous Ultra Trace Determination of Zr and 
Nb in Chromium Matrices with ICP-DRCMS 

 

Hydrogen Ion-Molecule Chemistry for Resolution of the ArCr+-
Interference from Nb+ and Zr+. 
 
Polyatomic ions of ArCr+ from a chromium matrix occur on m/z 90, 92, 93 and 
94 and interfere with the isotopes 90Zr+ and the monoisotopic 93Nb+. The physical 
mass resolution required to overcome this interference is above 20.000 for both 
isotopes (Appendix 7.2), which is beyond the capabilities of current sector field 
mass spectrometers. The simultaneous determination of both elements was 
achieved by using the DRC, pressurized with hydrogen. The results of this 
studies were published in Analytical Chemistry, (2001), 73, pp 5494-5498.  
 
This method was furthermore applied for the simultaneous determination of 
Nb and Zr in meteoritic samples, in order to establish an internal isochron for 
the 92Nb 92Zr decay. This decay has a half-life of 36±3million years(258), which 
makes it particularly attractive as chronometer for processes leading to the 
formation of nuclides in the early stages of the development of the solar 
system(97). Nb-Zr internal isochrones can provide the information of the initial 
92Nb/93Nb ratios of a given sample and therefore serve to place constraints of the 
time and process of its formation.  
The approach requires the accurate determination of the Nb/Zr concentration 
ratios in Cr-rich mineral phases which are then related to the 92Zr/90Zr isotope 
ratios that were acquired with high precision on a multi-collector ICP-MS 
instrument(97,259). 
 

Introduction 

The formation of metal argide (M-Ar+) polyatomic ions from a sample matrix 
introduced to the ICP is a well-established phenomenon(260). Argide ions from 
the transition metal group are of special interest because the m/z of the 
polyatomic ion is in many cases too close to that of elemental ions to be 
resolved by common ICP-MS instrumentation. Examples of such analyte-
interferent pairs are 90Zr+/40Ar50Cr+, 93Nb+/40Ar53Cr+, 103Rh+/40Ar63Cu+, 
105Pd+/40Ar65Cu+, where a mass resolution of 10000 and above is required to 
separate the analyte ion. This limits the use of ICP-MS for ultra-trace 
determinations, especially for monoisotopic elements, such as Nb or Rh. For the 
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direct analysis of Nb and Zr in the presence of high Cr-concentrations, a mass 
resolution of > 24000 would be necessary to separate 90Zr+ from 40Ar50Cr+, while 
> 27800 is required to separate 93Nb+ from 40Ar53Cr+. Currently, only ion 
cyclotron resonance (ICR) MS could achieve this resolution(88) but the 
availability of ICP-ICRMS is too limited to be of general use in this case. 
Another attempt could lie in the use of lower plasma temperatures (cold-
plasma), but this mode of operation would on the other hand increase the 
formation of refractory oxide ions, which leads to significant signal depression 
of Nb+ and Zr+ and additional interferences from CrOx+ species. Due to this, 
there is a demand to detect these elements in a Cr-matrix under robust plasma 
conditions in the form of their elemental ions. A relatively new technique for 
the elimination of interferences has been introduced recently in ICP-MS, by 
using ion molecule reactions in collision cells or a dynamic reaction cell(199,261). 
Here the ions are transferred into a region of elevated gas density where ion-
molecule reactions are initiated. Depending on the thermochemical properties 
of the species involved, a number of reactions may occur. The fastest and most 
efficient process is typically charge transfer between the reactive gas and 
species that have higher ionization energy. The instrument used in this study 
provides an almost thermal environment in the reaction volume and thus 
reaction pathways can quite easily predicted by the thermochemical properties 
of the species present. This is an advantage for the interpretation of the mass 
spectra, as only thermodynamically allowed reactions are observed(212). A 
number of different gases and their mixtures have been successfully applied to 
attenuate or eliminate interferences, caused by the ICP ion source for elemental 
analysis or isotopic studies(199,217-219,223,249,261). The gas used in most cases to 
alleviate interferences contains typically NH3, H2 or H2O as reactive 
components and in some cases He, Ne and Xe as buffer or quenching gas which 
reduces the ion kinetic energy and increases the number of reactive collisions. 
In other applications CH4(223,227) and O2(230) were used, the latter to remove the 
interfering ion by oxidation. In recent work(249), the efficiency of H2 and NH3 has 
been compared with respect to the attenuation of the abundance of a number of 
typical ICP-background ions. It has been found that NH3 is much more efficient 
for neutralization of Ar-background species than H2 but its use is accompanied 
by clustering reactions with transition metal ions, thus limiting the general use 
of NH3. With the use of hydrogen, side reactions were not observed at 
significant reaction rates. At high gas densities or with the aid of a buffer gas, 
the Ar+ signal could be reduced to the instrumental background as well. On the 
basis of these results, the efficiency of H2 in the attenuation of ArCr+ ions, 
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generated in the ICP-MS was studied, with respect to the determination of Zr 
and Nb in Cr-rich samples. This application is of importance in metallurgy, 
where low concentrations of these elements may have an influence on material 
properties, for the characterization of standard materials and in geological 
applications, where the determination of Zr and Nb in chromium-rich samples 
was only possible after separation from the matrix.  
 

Experimental Section 

 
ICP-MS Operation 
The ICP-MS used in this work was an ELAN 6100 DRC (PE/SCIEX, Ontario, 
Canada). It uses a standard quadrupole mass spectrometer and a dynamic 
reaction cell to promote ion molecule reactions. The ICP-unit and first 
expansion stage are similar to the ELAN 6000 models. The dynamic reaction 
cell consists of an enclosed bandpass quadrupole that acts as a mass selective 
device with a rather wide range of transmitted m/z compared to quadrupoles 
used for mass analysis. The width and center position of the mass window are 
adjusted in concert with the mass filter to eliminate ions from the reaction 
volume, which might react with the gas or impurities therein and form 
additional interferences. This feature is not just very important for the use of 
highly reactive gases, even in the case of hydrogen, we observed that the 
presence of impurities from oxygen or water significantly increases the 
abundance of metal-oxide and -hydroxide ions in the mass spectrum(262). 
Reaction gases can be introduced into the DRC by two separate lines (Figure 
2.1), one of which is equipped with a getter, used to reduce residual impurities 
of water from the gas. This line has been exclusively used in the experiments. 
The reaction gas density in the DRC is controlled by a mass flow controller 
(MKS Instruments, Andover, USA) and the flow is adjusted by the instrument 
software. This mass flow controller is calibrated for Ar-gas and the actual flow 
has been calculated using conversion factors, as provided by the manufacturer 
(MKS Instruments, conversion factor for H2: 1.25). 
The instrumental operation parameters are given in Table 4.4. Before each 
analysis the sample introduction system was rinsed with a mixture of 5% (v/v) 
HNO3 and 0.1% (v/v) HF for 3 minutes to ensure complete wash out of the 
preceding sample.  
The standard sample introduction system of the instrument was further 
modified because Nb and Zr need to be stabilized in solution with hydrofluoric 
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acid. An inert, non-corrosive PFA-nebulizer (µ-flow, ESI Scientific, USA) was 
used in combination with the standard quartz cyclonic spray chamber of the 
instrument. The nebulizer was used in free aspiration. Erosion of Si from the 
spray chamber was noticed upon prolonged aspiration of solution containing 
0.1% (v/v) HF but this is not critical for this application. The fast wash out time 
of the cyclonic chamber was found more important. 
 

Table 4.4:  Instrumental Parameters 

ICP-Parameters  
Rf-Power 1450 W 
Nebulizer gas flow 0.65 L/min 
Nebulizer PFA-concentric, µ-flow 
Spray Chamber Quartz cyclonic 
Sample uptake 160 µL/min 
Make-up gas flow 0.33 L/min 
Auxiliary gas flow 0.9 L/min 
Plasma gas flow 15.5 L/min 
Autolens On 
DRC Parameters  
Reaction Gas H2, 99.9999 % (Linde, D)
Reaction Gas Flow 2.6 mL/min 
RpQ 0.7a 
RpA 0 
Quadrupole Rod Offset -6 V 
Cell Rod Offset 2 V 
Cell Path Voltage -26 V  
Measurement Parameters  
Dwell time 100 ms 
No. of sweeps 10 
Settling time 3 ms 
Integration time 1 s 
Readings/Replicate 1 
Replicates 10 

a: low mass cut off at approximately 78% of target mass 

 
The experiments were carried out using relatively high matrix concentrations. 
Therefore, a laminar-flow adapter (Figure 4.5) was installed between the spray 
chamber and the injector tube of the ICP-MS. This adapter encloses the aerosol 
from the spray chamber with a sheath of Ar-gas and reduces possible 
deposition of the matrix at the wall of the injector tube(263). Secondly, it allows 
operation of the nebulizer at low gas flow rates and low sample consumption, 
without changing the temperature of the central channel of the ICP, and 
accordingly the sampling position.  
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Figure 4.5: Functionality of the laminar-flow adapter. 

 
 
Reagents and Standards 
Cr-matrix solutions were prepared from a 10 g/L stock solution (Johnson 
Matthey) by 5 fold dilution in a HNO3/HF (Merck) mixture to give a final 
sample concentration of 2 g/L Cr in 5% HNO3 and 0.1 % HF (v/v). All dilutions 
were done using ultrapure acids and deionized water (>18 MΩ, Millipore) in 
polypropylene containers. The containers were cleaned and conditioned in the 
acid mixture before use. Matrix-free calibration standards were prepared in 
identical acid concentrations without the Cr-matrix. The samples were filled 
into cleaned PFA cups and loaded on the autosampler (ASX 100, CETAC 
Technologies, Omaha, USA). For validation of the method, the basaltic 
reference materials BIR and BTHO (United States Geological Survey) were 
digested and analyzed using the optimized instrumental parameters. The 
samples have been chosen due to their well-characterized concentrations for Zr 
and Nb(264) and high concentrations of Cr(265,266). For digestion, approx. 0.1 g of 
the powdered samples were weighed into a PTFE container and digested under 
high pressure at 180°C in a stepwise digestion procedure (4½ days in 
HNO3/HF, evaporated to near dryness, 3 days in HCl evaporated again and 
diluted to a final amount of approx. 50 g with 5 % (v/v) HNO3 and 0.1 % (v/v) 
HF. Rh was added to all samples at a concentration of 10 µg/L to correct for 
non-spectroscopic interferences in the ICP-MS. 
 

Results and Discussion 

 
ArCr+-formation in the ICP 
The interferent equivalent concentrations (IECs) of ArCr+ on Zr and Nb, 
measured in a solution of 2 g/L Cr in the standard mode of the ELAN 6100 DRC 
are listed in Table 4.5. The interferences on the most abundant Zr isotope and 
on Nb lead to a positive bias of 0.2 and 0.3 ng/mL respectively. This 
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corresponds to a concentration in the Cr-raw material of 15 ng/g Zr and 10 ng/g 
Nb, which might not be of great importance for a number of analyses, but will 
deteriorate any attempt for example for characterization of a 99.9999% pure Cr-
sample. 
 

Table 4.5: IECs for the ArCr+-interferences in 2 g/L Cr-solutions 

 
Isotope 

rel. 
abundance 

 
Interference 

IEC 
ng/mL 

90Zr+ 0.514 40Ar50Cr+, 38Ar52Cr+, 36Ar54Cr+ 0.3 
91Zr+ 0.112 38Ar53Cr+ 0.002 
92Zr+ 0.171 40Ar52Cr+,38Ar54Cr+ 17 * 
93Nb+ 1 40Ar53Cr+ 0.2 
94Zr+ 0.175 40Ar54Cr+ 0.5 * 

*: corrected for isobaric overlap from Mo+ 

 
A chemometric approach to account for this spectral interference, based on the 
relative formation of ArCr+, assumed proportional to the Cr+-signal, is difficult 
because the intensity ratio changes significantly with the plasma conditions. 
Figure 4.6 shows the ion signals for 54Cr and m/z 92 in a 2 g/L Cr-solution, 
together with the IEC at 92Zr for variation of the nebulizer flow rate. Even when 
the ICP is operated at robust plasma conditions with a nebulizer flow between 
0.85 and 1 L/min, the IEC varies within a factor of two.  
 

 
Figure 4.6: Variation of the interference equivalent concentration for 92Zr+ and ArCr+/Cr+ ion 
signals in a solution of 2 g/L Cr with nebulizer flow rate 
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Optimization of dynamic reaction cell parameters 
Two parameters have to be considered in the optimization: reactions of 
interferences or analytes with the reactive gas (i.e. gas density) and rejection of 
cell generated inteferences by the settings of the bandpass width(199). Compared 
to standard mode operation, the formation of CrOx+ and CrOxH+ (x = 1 to 3) 
species is enhanced when the DRC is pressurized with hydrogen. This 
enhancement is caused by reaction of Cr+ with trace impurities of water and 
oxygen in the hydrogen gas, which are not completely removed by the getter. 
An interference on 90Zr+ can occur from 54Cr18O2+or 54Cr17O18OH+ and on 91Zr+ 
from 54Cr18O2H+. Other oxide interferences on Nb and Zr that may be enhanced 
in the pressurized DRC may occur in matrices of Ge, As and Se from the 
corresponding oxide or hydroxide ions. To eliminate these additional species 
when operating in the pressurized mode, the precursor ions are excluded from 
transiting the reaction cell by adjusting the mass window with the RpA and 
RpQ parameters of the bandpass quadrupole. The precursor ions of CrOx+ are 
rejected using an RpQ value of 0.7 for the analysis of Zr and Nb. With this 
setting the low-mass cut off of isotopes transmitted in the DRC is at m/z 70 u 
during analysis of 90Zr+ and at m/z 73 during analysis of 93Nb+. Strictly speaking, 
these values are valid for collision-free conditions in an ideal quadrupole 
system. Under the high pressure, used in the DRC, the stability boundaries get 
more diffuse and are expected to be narrower(90,212). The RpA parameter is used 
to introduce an additional high-mass cut off, which was not considered here 
because the potential interferences on Zr and Nb are created from ions of lower 
m/z. The optimization of reaction gas density was accomplished using a 2 g/L 
Cr-solution (“Cr-blank”) and after the addition of 1 µg/L Zr and Nb (“spiked”). 
Figure 4.7 shows the ion signal for m/z 93 when the hydrogen gas flow in the 
DRC is increased from 0.5 to 2.3 mL/min. The spiked solution shows a slight 
increase up to a gas flow of 2 mL/min, while the signal decays in the Cr-blank 
before a flow of 1.2 mL/min.  
The similarity between the reaction profiles for the Cr-blank and the spiked 
sample after this flow indicates that a contamination from Nb is present. A 
contamination was found also for Mo and Zr at different levels. Using standard 
addition, residual concentrations of 0.15 µg/L Nb and 7.5 µg/L Zr were 
determined for the Cr-stock solution. The reported values from the 
manufacturer were < 50 µg/L Nb and < 40 µg/L Zr. 
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Figure 4.7: Reaction Profile for ArCr+, determined at m/z 93 in a solution of 2000 mg/L Cr before 
(“Cr-blank”) and after (“spiked”) addition of a 1 µg/L Nb spike. 

 
The efficiency of the reaction is represented by the exponential decay of the 
ArCr+-signal measured in the Cr-blank. The efficiency, calculated after 
subtraction of the Nb-signal in the Cr-blank, is -3.8, which is comparable to the 
efficiency for the reaction of hydrogen with other Ar-based background species 
(e.g. Ar+: -3.9, ArO+: -1, Ar2+: -2.5)(249). A confirmation for the efficiency from the 
reaction profile though is still problematic because there is no direct proof that 
the remaining signal at m/z 93 is not, at least partly, caused by ArCr+-ions.  
 

Table 4.6: Residual contribution of ArCr+ to the isotopes of Zr and Nb. 

m/z measured 
signal 

SD of signal mass-bias 
corrected 

Zr 
isotopes 

Mo 
isotopes 

 
residue 

 
ArCr 

90 3137 62 3137 3354  -218 7 
91 713 33 731 731    
92 1538 42 1615 1116 357 141 141 
93 117 11 126   126 16 
94 1344 28 1478 1142 225 111 4 
95 305 14 343  384 -41  
96 527 27 606 183 403 20  
97 197 15 232  232   
98 550 23 660  582 78  

Boldface numbers indicate the intensity that was used to calculate the respective contribution of the 
individual species to the total signal. 

 
From mass spectra obtained while aspirating the 2 g/L Cr-solution, it is actually 
apparent that a residual amount of ArCr+ is present. Table 4.6 lists the ion 
signals for the isotopes in the mass region 90 – 98 u. Corrected signals for Zr 
and Mo were calculated after mass bias correction (2.4 %/u, obtained from 

Applications of ICP-DRC-MS 



 82

calibration slopes), assuming that 91Zr+ and 97Mo+ are detected interference-free. 
If we assume that the residual signal at m/z 92 is from ArCr solely, this would 
bias the results on m/z 90 and 93 by 7 cps and 16 cps respectively. It shall be 
noted though that these residuals (except for m/z 92) are close to or within the 
noise of the measurement itself, and the IEC`s for 93Nb and 90Zr are reduced at 
least by two orders of magnitude to the low ng/L range.  
 
 
Validation of the method 
Rh was used as an internal standard throughout the experiments to compensate 
for non-spectral interferences and signal suppression from the Cr-matrix. A set 
of 7 matrix-free standards was used for initial calibration of Zr and Nb and to 
determine their concentrations in the matrix blank (2 g/L Cr) and 6 spiked 
samples. Figure 4.8 shows the calibration graphs obtained and Table 4.7 gives 
the concentrations that were determined in the matrix samples together with 
the recovery of the spike.  

 
Figure 4.8: Calibration graphs for 93Nb+ in matrix-free acid standards and in a 2 g/L Cr solution 

The recovery of low levels of Zr is poor due to the high level of contamination 
(1.5 µg/L), but already at 0.25 µg/L the recovery of the spike is close to 90 %. For 
Nb on the other hand, the recovery is always within 5% of the expected value. 
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Table 4.7: Spike recovery in the 2 g/L Cr solutions. 

Spike 
Conc, µg/L 

90Zr measured 
µg/L 

Recovery
% 

93Nb measured 
µg/L 

Recovery 
% 

0 1.54 ± 0.02  0.028 ± 0.003  
0.01 1.53 ± 0.02  0.038 ± 0.002 103 
0.05 1.59 ± 0.02 (95) 0.077 ± 0.004 98 
0.25 1.76 ± 0.02 88 0.27 ± 0.007 97 
1.25 2.76 ± 0.05 97 1.23 ± 0.02 96 
5 6.45 ± 0.06 98 4.92 ± 0.07 98 

10 11.49 ± 0.08 99 9.85 ± 0.09 98 

 
The suppression for the Rh signal between matrix-free standards and the Cr-
matrix was 25% at the beginning of the measurements and became more severe 
during a period of 6 h. With prolonged analysis of the Cr-matrix the signal for 
the internal standard was stabilizing at a level of 50 % compared to the initial 
calibration. This signal drift though does not affect the analytical results and a 
series of repeated analyses of the Cr-matrix samples produces highly 
reproducible data. (Figure 4.9). The standard deviation of the measured Zr and 
Nb concentrations for the repeated analyses (dashed lines represent 2 times the 
standard deviation of the single values) was in all cases smaller than the 
standard deviation for the individual analysis (error bars).  
 

 
Figure 4.9: Repeated analysis of the matrix blank and the 10 µg/L spike. 

 
 
Limits of detection 
Limits of detection in the Cr-matrix can not be determined directly, because of 
the presence of a contamination from Zr and Nb in the stock solution. Due to 
this, we estimated the instrumental limit of detection as the concentration that 
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produces a signal which is higher than three times the standard deviation of the 
matrix-free blank but taking into account that sensitivity is reduced by a factor 
of two during the analysis sequence and that a residual amount of ArCr might 
be present on 90Zr and 93Nb. These LODs represent the practical limit of 
detection for routine applications. According to this the limits of detection can 
be given as 90Zr: 10 ng/L, 93Nb: 4 ng/L in solutions of 2 g/L Cr or 5 µg/kg and 2 
µg/kg in a solid pure Cr sample.  
 
Accuracy of the concentrations in a reference material 
The basaltic reference materials BTHO and BIR were analyzed for Nb and Zr to 
determine the accuracy of the method in a more complex type of sample. The 
concentration of Cr is significantly lower in these samples (BTHO: 488 µg/g(265), 
BIR: 382 µg/g(266)) than in the matrix used during the optimization process. 
Nonetheless, the good agreement between the results obtained in this study and 
previously published data (Table 4.8) on these samples indicate the good 
applicability of this approach. 
  

Table 4.8: Analytical results for Nb and Zr in BIR and BTHO. 

 BIR, µg/g Reference valuesa 
µg/g 

BTHO µg/g Reference valuesa 
µg/g 

Isotope average SD average SD N average SD average SD N 
90Zr 15.48 0.02 14 1.4 4 11.03 0.03 12.2  1 
91Zr 15.61 0.05   11.16 0.07    
93Nb 0.574 0.006 0.48 0.03 8 0.421 0.002 0.46 0.04 3 

a: Data from Jochum et al.(264) 
 

Conclusion  

An ICP-MS with dynamic reaction cell technology was successfully used for the 
simultaneous analysis of Zr and Nb in samples with chromium concentrations 
ranging from 1 mg/L to 2 g/L. Hydrogen was used as reactive gas in the DRC to 
minimize the interference from ArCr+ to directly determine Nb at ultra trace 
levels. The limits of detection that can be achieved with this method lies in the 
low ng/L-range in samples with concentrations of up to 2 g/L chromium. For a 
Cr raw material this is equivalent to detection limits in the low ng/g range. Thus 
the characterization of high purity chromium for these elements can be 
performed directly, without chemical separation steps. In geological 
applications the simultaneous determination of Nb and Zr has always been a 
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challenge as well. It becomes even more important now, because the newly 
developed 92Nb - 92Zr chronometer relies on the accurate determination of the 
Nb/Zr concentration ratio(97). The advantage of the approach presented here lies 
in the simultaneous detection of both elements and a much simpler sample 
preparation.  
  



 86

 
 



 

The Dynamic Reaction Cell and Laser Ablation Sampling 

5. The Dynamic Reaction Cell and Laser Ablation 
Sampling 

87

Even though laser ablation presents a dry aerosol to the ICP-MS, spectral 
interferences are still of concern in order to obtain accurate results in an 
analysis. Attenuation of spectral interferences by using the DRC, however, 
involves specific characteristics of laser ablation sampling. 
The most important parameters for an analysis using laser ablation are 
combined in the 4M-rule: Multi-element detection at Milliseconds dwell time 
with Minimum Interferences and Maximum sensitivity.  
Multi-element detection is obvious because quantitative results can, up to now, 
only be obtained when at least the concentration of one element in the sample is 
known and can be used as internal standard to correct for changing ablation 
rates between individual samples. Thus laser ablation analysis will always be 
performed with at least two isotopes but usually between 10 and 50 isotopes are 
included. Operation of the dynamic reaction cell with laser ablation sampling 
allows the use of formerly interfered isotopes but must also consider the 
formation of secondary ions inside the reaction cell.  
The more elements to be determined, the more important becomes the second 
M: 
Millisecond dwell times are required in order to obtain a high time correlation 
between the individual data points measured. Laser ablation sampling in most 
cases leads to a pronounced variation of the analyte signals with time(41,118,267). 
This is especially true for spatially resolved analysis like for solid, fluid or vapor 
inclusions in minerals, polymers and metals(108,136,154,155,220,268,269). To register these 
variations the measurement time for a single mass scan must be kept as short as 
possible. Minimum interferences and maximal sensitivity are obvious 
advantages for any type of analysis and also valid for laser ablation. 
When using the DRC for laser ablation sampling, spectral interferences can be 
reduced through ion-molecule reactions and, depending on the reaction gas 
and analyte m/z, sensitivity can be enhanced through collisional focusing or 
reduced by scattering and reactive losses.  
The characteristics of the application of ion molecule reactions in comparison 
between dry laser ablation sampling and solution nebulization have been 
investigated during this study. The first results have been published in the 
Journal of Analytical Atomic Spectrometry, 2000, 15, p 1125-1131.  
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5.1. Characteristics and Capabilities of an ICP-MS with a 
Dynamic Reaction Cell for Dry Aerosols and Laser 
Ablation. 

 

Introduction 

The use of ion-molecule reactions to selectively exclude interferences from 
entering the mass spectrometer in ICP-MS has recently been introduced into 
commercially available instrumentation. Different instruments are available, 
using this technique to reduce or eliminate unwanted ion signals, stemming 
from the sample matrix, the solvent and the plasma gas. Ion molecule reactions 
are selected in order to overcome spectral interferences by means of chemical 
resolution in contrast to high mass resolution as available in sector field 
instruments. Due to the inherent differences in the operation (chemical vs. 
physical) each has its characteristic advantages or disadvantages. Commercially 
available sector field ICP-MS instruments provide a mass resolution up to 
20000. This is in many cases sufficient but, as has been pointed out, does not 
offer a solution for a number of remaining problematic molecular and isobaric 
interferences(270). Chemical resolution can be adjusted to the interference 
problem, provided a gas of sufficient reactivity and selectivity can be found. 
Another important factor in the use of ion-molecule reactions is the formation 
of reaction products, which, depending on the gas used and the reaction 
pathways incorporated, can introduce new interferences that are not observed 
in standard operation of the ICP-MS. This might make it necessary to analyze 
samples under normal conditions for those analytes that would be interfered 
from additional interferences or react with the gas. A different approach to 
resolve a spectral interference is the use of an association or condensation 
reaction. Here a molecular ion is created from an interfered analyte, which can 
be detected interference-free and used for analysis.  
Side reactions that may introduce analyte loss or new interferences include the 
formation of cluster ions, the appearance of fragment ions from the reactive gas, 
or association of fragment ions with neutrals to polyatomic compounds. The 
latter is especially important when hydrocarbons or their derivatives are used 
as reactive gas(226). The selection of a suitable reaction gas to resolve a given 
interference is directly related to the physicochemical behavior of the species 
involved. Possible reaction pathways that can be realized to resolve analyte and 
interference in a reaction cell are: 
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Interferent neutralization:  I+ + R    I + R+ 
Interferent association:  I+ + R   IR+ 
Interferent condensation: I+ + R  IR1+ + R2 
Interferent fragmentation:  I+ + R   I1+ + I2 + R 
    I1 + I2+ + R 
   I1 + I2 + R+ (  R1 + R2+) 
Analyte association/condensation: A+ + R  AR+  
 A+ + R  AR1+ + R2 
(where I+ indicates an interferent, R is the reactive component, A is an analyte, 1 and 2 are fragments.) 

 
Reactions that can occur for a given combination of reactive gas, analyte ion and 
interfering ion are controlled through the thermodynamic (i.e. reaction 
enthalpy) and kinetic (i.e. reaction rate constants) properties of the species 
involved. The thermodynamic properties are mostly well known and 
documented or can be calculated from the heat of formation of the reactants 
and products.  
Reaction rate constants are documented as well but only for relatively few 
reactions(271). It is possible that a reaction, which is endothermic and therefore 
unlikely to occur in an equilibrated system, can be initiated through a 
contribution from the kinetic energy of the ions to the reaction enthalpy. Ions 
can gain sufficient kinetic energy from the extraction potential used to 
accelerate the ions to the mass analyzer or coupling to the Rf-field of an ion 
guide in the reaction volume(245).  The reduction of unwanted molecular ions 
formed in the reaction volume, generated from association/condensation 
reactions, can be addressed in two ways. It is possible to distinguish between 
daughter ions from a reaction and the ions extracted from the ion source 
through the higher kinetic energy of the latter. Establishing a potential barrier at 
the exit of the reaction volume would then allow only ions with sufficient 
kinetic energy to pass on to the analyzer. The second approach is to remove the 
parent ions of the interfering species from the ion beam by means of an 
additional mass selective device. The first approach is attractive due to the fact, 
that the setup and control of the instrument is simpler, as it only requires 
transfer optics within the reaction volume, and a retarding potential.  
On the other hand it requires a lower operating pressure to achieve efficient 
separation between reaction generated and plasma generated ions. This limits 
the collision frequency and the system needs to be balanced between an 
effective separation of the reaction products and the higher kinetic energy of the 
analyte ions that might open new reaction pathways. With the use of mass 
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selection, using a bandpass quadrupole, the ions can undergo reactions in a 
near thermal situation, and the mass selectivity can be used to reject the parent 
ions from the reaction volume, disabling their further reaction. This procedure 
though can be disadvantageous for short measurement times when the rejection 
of parent ions of interference requires a narrow bandpass in the reaction 
volume. In the case where the rejected m/z-range includes an analyte of interest, 
the scan frequency of the analyzing mass filter is determined by the traveling 
time of this ion through the reaction volume. In an almost thermal situation, 
traveling time can be in the range of several milliseconds. The clear advantage 
of this set-up though is the possibility to use highly reactive gases that might 
lead to severe interferences or polymerization in the reaction volume.   
Until now, most investigations in this field were carried out using standard 
sample introduction systems with pneumatic nebulization and long 
measurement times. It has been shown that the Ar-interference on 40Ca+ can 
selectively be reduced using ion molecule chemistry. Ammonia has been 
successfully applied reduce the 40Ar+-signal to the level of instrumental 
background, while the sensitivity of Ca+ remains almost unaffected(226). Other 
research showed the reduction of the Ar2+, ArO+, ArC+, or ClO+ 
interferences(199,214,219) or the attenuation of the O2+ signal for the determination of 
sulfur-isotopes(217), using different reaction gases or gas mixtures. A 
condensation reaction for analysis was demonstrated for As in presence of Cl, 
where As is detected as AsO+ or AsNH2+ at m/z 91 with ammonia as reactive 
gas(218).  
 

Considerations for LA-ICP-MS 

The characteristics of a reaction cell with dry aerosol introduction were not yet 
investigated. In a dry aerosol, produced by ETV or laser ablation and to some 
extent with desolvating nebulizers, the level of interferences, especially oxides, 
is already reduced compared to standard liquid nebulization. Due to the 
difference in the ICP-conditions, others (e.g. Ar2+) can be found at enhanced 
levels. As a result, the operating parameters and the performance of the DRC 
differ for dry and wet plasma conditions. Besides this, multielement analyses at 
high time resolution require specific considerations. Additional interferences 
introduced through the reaction gas (fragment ions or products from 
association reactions) or analyte loss through reactions or scattering must be 
avoided because short measurement times omit an element specific selection of 
the reaction gas flow. If a bandpass quadrupole is used to reject parent ions of 
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interferences from the reaction volume, the rejected mass range should not 
include the isotopes of interest. Short analyzer settling times may otherwise 
introduce signal suppression through the filling time of ions rejected in a 
preceding scan cycle. On the other hand the high degree of thermalization of 
the ions in this type of reaction cell can be used to reduce high frequency noise 
of the ion signals, stemming from sample introduction or the plasma source 
(collisional damping(210,272)). This characteristic of the reaction cell can especially 
be useful to improve the precision for isotope ratio measurements or to expand 
a very short transient signal in time and extent the number of isotopes that can 
be determined in one cycle of the mass filter. In this work we show the results 
of the first experiments, done with a dynamic reaction cell ICP-MS for laser 
ablation analysis. In the first instance the aim is to describe differences between 
operation with a dry or a wet aerosol, and the results in interference 
suppression, achieved with the gases used. The results shall enable the 
development of multielement analytical methods for problematic 
matrix/analyte combinations as for example Nb in a Cr-matrix or Zr in V, where 
a mass resolution of > 20.000 is required to separate the analyte from the 
corresponding 53Cr40Ar+ or 51V40Ar+ ions. 
 

Experimental 

 
Instrumental Setup 
ICP-MS. A Perkin Elmer/Sciex Elan 6100 DRC ICP-MS (PE/SCIEX, Ontario, 
Canada) was used in this work. The instrument employs a dynamic reaction 
cell (DRC) where an adjustable bandpass quadrupole is incorporated in the 
reaction volume. This quadrupole is scanning the mass range with an 
adjustable bandbass in concert with the analyzer quadrupole. It is operated 
with a constant Rf-amplitude to reduce the coupling of Rf-energy to the kinetic 
energy of the ions. The bandpass is determined by the Rf frequency and dc-
voltage applied between the quadrupole rods and controlled by software. The 
width of the bandpass in the DRC can be adjusted specifically for every isotope 
through the selection of the rejection parameters of the quadrupole a (RPa) and 
q (RPq). In Rf-only operation of the quadrupole (i.e. RPa = 0), RPq defines the 
low mass boundary of the stability region. Variation of Rpq is achieved by 
changing the Rf-frequency so that the low mass cut-off is increasing with 
decreasing frequency (i.e. higher Rpq). A high mass cut-off is introduced 
through the application of a dc-potential between the rod pairs (i.e. increasing 
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Rpa). The DRC can be operated alternatively under non-pressurized conditions 
(standard mode) or pressurized by an appropriate gas. In this work, 
experiments were done with a low mass cut-off set to half the mass of the target 
ion unless noted differently. A computer controlled dual-flow gas introduction 
was used to pressurize the DRC with the selected gases. One of the gas lines 
was always used to introduce the reactive gas (hydrogen or ammonia), while 
the second line was used optionally to add a buffer gas (helium, neon or xenon). 
Signal acquisition was done with an integration time of 1 sec to ensure full 
penetration of the ions of interest through the reaction volume. The 
instrumental parameters are summarized in Table 5.1.  
 
Nebulization with desolvation. The desolvating nebulizer Aridus (CETAC 
Inc., Omaha, Neb., USA) was used to investigate the characteristics of the DRC 
with dry aerosols. The system is equipped with a microconcentric nebulizer, a 
heated spray chamber to evaporate the solvent and membrane desolvation. A 
sweep gas is passing at the outside of the membrane in a counter-flow, which 
removes vapor from the aerosol. Despite the fact that the aerosol cannot be 
considered completely dry, it is estimated that the water content is reduced by 
two orders of magnitude, compared to standard nebulization. The operating 
parameters are given in Table 5.1. 
 
Laser Ablation. The laser-ablation system GeoLas (Microlas, Göttingen, 
Germany) has been used for the laser ablation experiments. The system is 
equipped with a 193 nm ArF-Excimer laser and a homogenizing, imaging 
optical system. The set-up delivers a flat top beam onto the sample surface and 
the laser wavelength allows controlled ablation of highly transparent samples 
such as quartz(106). The spot size can be varied between 4 and 120 µm by means 
of an aperture system, which provides a constant energy density at the ablation 
site for variable spot sizes. Helium was used as a carrier gas to enhance 
transport efficiency of ablated material. It is mixed to a make up flow of argon 
before entering the ICP. The operating parameters are given in Table 5.1. 
 
 
 
 
 
 



 

The Dynamic Reaction Cell and Laser Ablation Sampling 

93

Table 5.1: Instrumental parameters 

ELAN 6100 ICP-DRC-MS ARIDUS Desolvating Nebulizer 
ICP-Parameters Carrier Gas flow (Ar): 0.95 L/min 

Rf-Power: 1350 W Spray-Chamber Temperature: 70°C 
Nebulizer Gas Flow Variable  Desolvation Temperature: 160 °C 
Auxiliary Gas:Flow 0.8 L/min Sweep Gas Flow: 2.8 L/min 
Plasma Gas 14.5 L/min GeoLas Laser Ablation System 
Autolens: On Carrier Gas Flow (He): 1.3 L/min 
DRC-Parameters  Make-up Gas Flow (Ar): 0.85 L/min 
Cell Gas Flow A: Variable Energy density: 10.6 J/cm2 
Cell Gas Flow B: Variable Spot Size: 120 µm 
Cell Path Voltage -30 V Laser Frequency: 2 Hz 
Cell Rod Offset -1 V 
Rejection Parameter a: 0 
Rejection Parameter q: 0.45  

DRC-Gases 
NH3, anhydrous 3.6, Praxxair (B)
H2 5.3, Linde, (D) 
He  4.6, Linde, (D) 
Ne  4.5, Linde, (D) 
Xe  4.0, Linde, (D) 

Measurement Parameters 
Acquisition Mode: Scanning 
Points/amu: 1 
Dwell/amu: 1 sec 

 

Results and Discussion 

General observations with DRC operation 
It was found that pressurizing the cell with a non-reactive gas leads to a 
significant increase in the formation of metal-oxide ions with either standard or 
desolvated nebulization. When the cell is pressurized with a flow of 0.1 mL/min 
He, the abundance ratio of UO+/U+ increases to > 8% from either 5% with a wet 
or 0.2% in a dried aerosol. This is attributed to the higher collision frequency of 
U+ with oxygen in the DRC, which may enter the cell as O+ or O2+ (and 
neutralized there) from the ICP and as impurity within the gas. The similar 
formation rate for wet and dry plasma conditions indicates that the reaction 
efficiency is very high and serves as an indication that the formation of metal-
oxide ions is to be considered at least partially to be a post-plasma process. 
With the use of ammonia as reaction gas, the formation of several cluster ions 
can be observed.  
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As shown in Figure 5.1, U+ reacts with ammonia to form UNHx+ species at m/z 
252, 253, 254 and 255 (x = 0 – 3) which are not be observed in the standard 
mode. 

 
Figure 5.1: Ion signals for UNHx+ ions with increasing ammonia concentration in the cell. The 
initial formation of the UNHx+-species is followed by addition of further NH3 as indicated by 
the rapid decay of the first reaction product. 

 
The comparably low signal at m/z 255 shows that an association reaction is not 
preferred. UNH+ and UNH2+ are probably formed in a condensation reaction 
with Ammonia (U+ + NH3  UNHx+ + (3-x) H). The observation of UN+ is 
unexpected but the authors` only explanation for the intensity of the signal at 
m/z 252 (235U14NH3+ or 235U15NH2+ can be excluded due to the isotopic 
abundance). The reaction profiles observed for the UNH-species are very 
similar. Increasing the ammonia flow to 0.3 mL/min promotes the reaction, 
followed by an almost exponential decay. An exception is m/z 254, which 
initially shows a constant signal, caused by UO+. The decay is due to further 
reactions with ammonia, leading to molecular ions having a m/z out of the 
recorded range. 
 
The formation of higher association products was observed for Rh+, where the 
sequential addition of ammonia leads to Rh(NH3)x+ with x = 1 to 4 (major 
isotopes at m/z: 120, 137, 154, 171). Figure 5.2 shows the reaction profiles 
observed. The signals of the Rh(NH3) + and Rh(NH3)2+ show the progress of the 
reaction sequence with increasing concentration of ammonia while Rh(NH3)3+ 
apparently reacts very fast to form Rh(NH3)4+. These reaction schemes are very 
similar to those for As and Ni which have been described earlier(212).  
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Figure 5.2: Reaction Pathways of Rh with ammonia. A sequential addition of NH3 is indicated 
from the ammonia-flow where the highest appearance of the species is observed. The signal at 
m/z 154 indicates an exceptionally high reaction rate of Rh(NH3)3+ with NH3 to yield Rh(NH3)4+ 
(m/z: 171). 

Adjusting the bandpass of transmitted masses in the DRC reduces the in-cell 
formation of interferences. For example rejecting Rh, when m/z > 120 is 
analyzed in the presence of ammonia, suppresses the sequential chemistry of 
Rh in the cell. Figure 5.3 shows the normalized ion signals of 103Rh+ and 
Rh(NH3)4+ with increasing low mass cut off in the DRC.  
 

 
Figure 5.3: Normalized ion signals for 103Rh+ and m/z 171 with increasing low mass cut-off in 
the DRC at an ammonia flow of 0.2 mL/min. The steep decay for the signal at m/z 171 between a 
low mass cut at 0.45 (~m/z 80) and 0.6 (~m/z 100) serves as confirmation for Rh to be the parent 
ion. 

 
The low mass cut off is calculated as the fraction of the mass of the target ion 
that is the lightest to be transmitted under collision-less conditions. At a low 
mass cut off of 0.1 for an analyzed ion of m/z 100, should lead to a rejection of 
all ions from the DRC, which have an an m/z smaller than 10, whereas at 0.9 the 
limit should be m/z 90. Under pressurized conditions, this is supposed to be the 
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low mass limit transmitted through the DRC.12 Reducing the bandpass width 
(i.e. increasing the resolution) in the DRC leads to signal suppression. This is 
obvious for the Rh-signal. m/z 171 though shows a distinctly faster decay when 
the low mass cut ecxeeds 0.45 (~m/z 80) where the penetration of Rh in the DRC 
is decreasing when m/z171 is analyzed. The signal is found on a constant level 
after passing 0.6 (~ m/z 100) where Rh is completely rejected from the cell. 
 
 
The influence of the ion-transit time.  
To study the influence of the thermalization of the ions on the transit time 
through the DRC, the signal of Mg+ was studied for variable dwell times after 
measuring U+ with a low mass cut-off at approximately 0.5. In this case Mg+ is 
eliminated from the DRC when U+ is analyzed. In the following scan, the Mg-
ions can pass the cell again and the intensity measured is an indication for the 
degree of penetration of the cell with time. In this experiment, the default 
settling time for DRC-operation was changed from 200 ms to 3 ms and the 
dwell time was varied between 1, 10, 100, 1000 and 3000 ms. The number of 
sweeps was adjusted so that a total integration time of 3 s was achieved for each 
measurement. Figure 5.4 shows the normalized signals for Mg+ and U+ with the 
variation of the dwell time. The cell was pressurized with Ne at a flow of 0.5 
and 1 mL/min.  
 

 
Figure 5.4: Normalized ions signals for 24Mg+ and 238U+ with increasing dwell time in a 
pressurized cell at a settling time of 3 ms. The cell had been pressurized with a flow of 0.5 
mL/min (open marks) and 1 mL/min (solid marks) of Ne.)f. 

 

                                                 
f The effect was eliminated after the AFT electrodes were installed on the instrument used in this study 

(see ge 30).  Figure 2.2, pa
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Depending on the gas pressure in the cell, 65% (0.5 mL/min Ne) or 45% (1 
mL/min) of all Mg-ions transit the cell at a dwell time of 1 ms. With increasing 
dwell time, a higher fraction of Mg penetrates the cell and at a dwell time > 500 
ms more than 80% arrives at the analyzer in both cases.  
This implies that the scan timing conditions have to be identical for calibration 
and analysis when the DRC is operated with a narrow bandpass. Interestingly, 
there is also an effect on the Uranium signal at the high Ne flow-rate. 
This behavior is attributed to the fact that the stability region of the quadrupole 
narrows at higher pressure. This is obviously affecting the high mass boundary 
of the stability region of the quadrupole and the trajectories of U are not 
completely stable even when Mg is analyzed without a high mass cut-off. The 
effect is hardly notable at 0.5 mL/min Ne but more pronounced at a flow of 1 
mL/min. 
 
 
Reactivity of background species in wet and dry plasmas 
The differences between dry and wet plasmas in the relative decay of 
prominent interfering species were investigated with Ammonia as reaction gas. 
Figure 5.5 shows the decay at m/z 30 and 40Ar+ for flow rates between 0.1 and 1 
mL/min ammonia.  
 

 
Figure 5.5: Signal decay for 14N16O+ and 40Ar+ in ammonia. The exponential fit is calculated for 
an ammonia flow between 0.1 and 0.5 mL/min NH3. 

 
With an Ammonia flow above 0.6 mL/min, the decay of 40Ar+ shows strong 
deviation from the exponential fit. This deviation is probably due to residual Ca 
in the solution, leading to an almost constant signal in the absence of the Ar+-
ion. The species at m/z 30 initially shows a slow decay with increasing 
ammonia flow which is stronger when the flow is higher than 0.8 mL/min. 
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Table 5.2 compares the negative coefficients of the exponential fit, calculated for 
the decay the background signals between standard and desolvated 
nebulization. A high value indicates a fast decay with respect to the ammonia 
flow. To mitigate contamination-induced errors, the coefficients were calculated 
from the signals recorded between a flow of 0.1 and 0.5 mL/min ammonia.  
It shall be stressed that these coefficients are not displaying the reaction rate 
constants for a given reaction (shown in the last column when available) as 
these would require exact knowledge about the number density of the species 
incorporated in the reaction. Not considering reactions of the analytes, the 
coefficients are used to compare the efficiency of the DRC under different 
operating conditions and do not reflect the analytical benefit. 
The decay of the background species, especially elemental ions, is in general 
very similar for dry or wet plasmas. Significant differences are found for NO+ 
and NOH+, which show about two times faster decay with desolvated 
nebulization. This indicates that a reaction sequence is present, where NO+ or 
NOH+ (or other unidentified species with the same m/z) are formed to a greater 
extent when a higher amount of Oxygen is introduced from the ICP. A similar 
trend is observed for ONH2+, ONH3+and OH2NH2+ at a lower extent. An 
example of a side reaction that is independent of the plasma conditions is 
shown in Figure 5.6. The reaction profile observed at m/z 35 is identical for wet 
and dry plasmas, which is indicating that the concentration of Oxygen in the 
ICP is not the limiting factor here. Considering the isotopic pattern, a 
contamination from Cl is unlikely to cause these ion signals and it is assumed 
that the molecular ion NH3OH2+ is formed, which further reacts with increasing 
concentrations of ammonia.  
 

 
Figure 5.6: Reaction profile for m/z 35 in Ammonia with desolvated and standard nebulization.  
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Hydrogen as reactive gas  
The reactivity of ammonia with background species and analyte ions was 
compared to hydrogen for desolvated nebulization. The exponential coefficients 
for the decay of background species (calculated for a flow between 0.4 and 1.2 
mL/min H2) are given in column 6 in Table 5.2. Compared to ammonia, the 
reactivity of hydrogen with the background ions is distinctly lower. The decay 
constants are approximately one order of magnitude smaller than those 
obtained for ammonia.  
This is mostly in accordance to the reaction rates found in the literature. 
Exceptions are N2+ and CO+, where literature data indicate similar reactivity 
with NH3 and H2. The additional formation of isotopes in the mass range 26 – 
29 indicate that hydrocarbons, probably present as impurities in the Hydrogen, 
are cracked in the DRC and generate C2Hx+ and CO+. 
 

Table 5.2: Exponential coefficients for the decay of background species with ammonia and 
hydrogen for standard and desolvated sample introduction 

Isotope Species NH3 
Standard 

NH3 
desolvated 

NH3 literature 
reaction ratesa 

H2 

desolvated 
H2 literature 

reaction ratesa 
28 N2+, CO+ 12.2 11.2 19(N2+) 18(CO+) 1.47 20(N2+) 14(CO+) 
29 N2H+, COH+ 12.2 14.1 22(COH) 1.49 4.7(COH) 
30 NO+ 2.10 4.99 - 1.20 - 
31 NOH+ 6.01 14.1 - 0.86 - 
32 O2+/ONH2+ 8.26 11.5 21(O2+) 0.72 - 
33 O2H+/ONH3+ 10.8 14.0 19(O2H+) 2.15 3.3(O2H+) 
34 O2H2+/OH2NH2+ 13.8 13.6 - 0.32 - 
36 Ar+ 18.8 18.7 16 3.10 8.9 
40 Ar+ 19.8 16.1 16 4.20 8.9 
80 Ar2+ 9.46 10.4 4.5 2.57 5 
84 Kr+ 5.48 6.04 7.5 0.90 2.1 

132 Xe+ 13.2 11.4 6 - - 

a: 10-10 cm3 molecule-1 s-1, evaluated data from(236) 

 
 
Reactivity of Hydrogen and Ammonia with Analyte Ions 
Reactions of hydrogen with analyte ions were minimal. Figure 5.7 shows a 
comparison of the analyte signals between ammonia and hydrogen as reactive 
gases. While the cluster formation in ammonia leads to a significant 
suppression of the elements monitored, hydrogen remains non-reactive with 
the analytes investigated. The formation of hydrogen adduct ions was not 
observed in these experiments. Collisional focusing is dominating when the 
Hydrogen concentration is increased. This effect is more pronounced with 
lighter ions, while heavy ions are practically not affected by increasing 
hydrogen density. 
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Figure 5.7: Analyte signals as a function of the reaction gas.  

 
Obviously hydrogen is a suitable reaction gas when it is not possible to operate 
the DRC in an element-specific mode. Despite its lower reactivity it retains 
analyte sensitivity, while ammonia not only eliminates interferences more 
efficiently, but reacts with the analyte ions as well. This leads to signal 
suppression and, even more important, generates new interferences. Despite 
the fact that the mass resolution of the DRC-quadrupole can be used to remove 
the parent ions of these clusters from the reaction volume, the signal 
suppression induced through a narrow bandpass would deteriorate sensitivity 
severely. This is why hydrogen is considered to be the more suitable choice for 
a multi-element method with high scanning frequencies and short analysis 
times. 
Influence of a Buffer Gas  
To enhance thermalization of the ions when Hydrogen is used as reactive gas, a 
buffer gas was added to the reaction cell. This should increase the number of 
collisions (and accordingly the number of reactive collisions) and therefore 
enhance the efficiency of hydrogen. He, Ne and Xe were used as a buffer gas to 
enhance thermalization. The documented(236) reactions of Xe with ions present 
in the DRC (except for the reaction with O2+) have reaction rate constants that 
are 3 orders of magnitude below those for H2 and are therefore not considered 
to have a significant influence on the reaction profiles obtained. Figure 5.8 
shows the decay of 40Ar+ together with the signal for 59Co+ when adding 
increasing amounts of Ne and Xe to a reaction gas flow of 1.6 mL/min 
hydrogen.  
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Figure 5.8: Effect of the addition of Neon or Xenon on 40Ar+ and 59Co+ when the cell is 
pressurized with 1.6 mL/min H2.  

 
With the addition of a buffer gas, the reaction efficiency of hydrogen increases 
substantially. The argon-ion signal can be reduced by 3 orders of magnitude 
using either neon or xenon. Helium shows a similar effect but achieves only one 
order of magnitude suppression for a flow of 2 mL/min (data not shown). The 
intensity of Co indicates that analyte loss through scattering processes can 
become severe with high flow rates and a high atomic mass of the buffer gas. 
Surpassing 0.8 mL/min neon or 0.05 mL/min xenon, the suppression of the 
cobalt signal is evident. Nevertheless the signal/background ratio at m/z 40 is 
still improved with the higher flow and can be reduced by at least two orders of 
magnitude with both buffer gases. 
 
 

Laser ablation studies  

The capabilities of the DRC for laser ablation analysis were investigated with 
the determination of calcium in a high purity quartz sample and niobium in a 
chromium matrix.  
 
Analysis of Ca in high purity Quartz 
To access the most abundant isotope of Ca at mass 40 (96.9 % relative 
abundance), the DRC was pressurized with a flow of 1.6 mL/min hydrogen and 
0.8 mL/min neon. For the plasma operating conditions used for LA (1.3 L/min 
He, 0.85 L/min Ar as carrier gases), this attenuates the background signals at 
m/z 40 to 100 cps. The sensitivity for 40Ca+, obtained when ablating the glass 
SRM NIST 612 in these conditions, was 40 cps/µg/g (normalized to 40 µm spot 
size, 10 Hz shot rate). This is about two orders of magnitudes lower than 
expected for an isotope of similar abundance using the standard mode of the 
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instrument. It is supposed that enhanced CaO+ formation and scattering 
processes cause this suppression. Nevertheless the low background signal 
reduces the limit of detection to 1 µg/g in the glass, which is about two orders of 
magnitude lower than operating in the standard mode and using 42Ca+ or 44Ca+ 
(relative abundance: 0.65 and 2.08 % respectively.) for analysis. In Figure 5.9 the 
raw signals and background corrected spectra are shown that are obtained for 
the ablation of SRM NIST 612 and a high purity quartz-sample. The calcium 
concentration found in the quartz sample is below 2 µg/g (ablation-yield 
corrected). In the spectrum obtained for the SRM NIST 612, the isotopic pattern 
for the calcium isotopes 40, 42 and 43 can be clearly identified above the 
background. This would enable the determination of isotope ratios using 40Ca, 
42Ca and 43Ca. In the quartz ablation, the formation of SiO+ and SiOHx+ ions is 
obvious in the mass range 44 – 49, which deteriorates the isotopic pattern of the 
heavy Ca-isotopes in the presence of Si.  
 

 
Figure 5.9: Raw signals (left) and background corrected spectra (right) for Ca from the gas blank 
and ablation of NIST612 and quartz.  

 
 
Determination of Niobium in a Chromium-matrix 
The chemical resolution of the ArCr+-interference was investigated using a 
matrix of electrolytically deposited chromium metal. Problematic elements in 
this matrix are Y, Nb (monoisotopic, interference from 36,40Ar53Cr+) and Zr (free 
major isotopes interfered from 40Ar50Cr+ and 38Ar52,53Cr+, others isobaric with 
Mo).  
Figure 5.10 shows spectra obtained during ablation of chromium in the mass 
range 88 – 95 for standard and DRC-operation. The optimum conditions for the 
DRC-mode for this application were obtained when the cell is pressurized with 
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1 mL/min hydrogen without a buffer gas and the low mass cut off in the cell set 
to 0.8 (~m/z 73 for measurement of Nb). For standard conditions the ArCr-
pattern can be clearly identified at m/z 90 to 94. The Interference equivalent 
concentration of Nb found here can be as high as 2 µg/g for a pure chromium 
metal. This would lead to inaccurate results when Nb has to be determined at 
low levels in samples with varying Cr-concentrations.  
Using DRC-conditions, the ArCr+ interference is absent but new interferences 
are observed at m/z 89 through 94. These signals are probably due to a 
contamination from SF6, used in an earlier experiment. SF6 was found to 
fragment very fast to of SFx+ with x= 1-5 (major isotopes at m/z 51, 70, 89, 108 
and 127) that were observed in this experiment as well. The isotopic pattern 
obtained for m/z 89, 90 and 91 does not exactly match to sulfur. We therefore 
propose the formation of SF2OHy+ clusters, also present on m/z 92, 93 and 94. 
The optimum low mass cut off position found suggests that one parent ion for 
the interference at m/z 89 – 93 has a mass similar to SF2+, which indicates that 
condensation products (probably with oxygen or water vapor) are formed as 
well. Nonetheless the signal that remains on m/z 93 is not matrix induced and 
can therefore be considered in the calibration, which was impossible for 
standard conditions where varying chromium concentrations in the samples are 
to be expected. 
 

 
Figure 5.10: Spectra obtained with the standard mode (left) and DRC operation (right) for 
ablation of Cr.  

 
The limit of detection for Nb in the SRM NIST 610 glass in the DRC mode was 
0.1 µg/g which is rather poor compared to <0.005 µg/g that are typically 
achieved under standard conditions, presupposed that matrix interferences are 
absent. It shall be noted that the LOD is strongly affected by the contamination 
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from SF6. It is expected to improve drastically as soon as the SF6 has cleared out, 
which will reduce the background at m/z 93 and would allow the operation of 
the DRC with a wider bandpass and consequently higher sensitivity for Nb. 
 
 

Conclusion 

This work has shown that the use of ion-molecule reactions in ICP-MS has 
advantages and drawbacks for laser-ablation analysis. Applications with short 
analysis time as single spot analysis, spatially resolved analysis or depth 
profiling omit the sequential operation in standard mode and DRC mode 
during one analysis. Due to this, the formation of molecular ions with the 
reaction gas or contaminants and the interferences formed therein must be 
characterized carefully. This is accompanied by a dwell-time dependence of the 
ion signals when the DRC is operated with a narrow bandpass, which has to be 
considered in calibration and analysis. In our work we found that, despite the 
higher reactivity, ammonia is less applicable than hydrogen for laser ablation 
analysis due to the extensive formation of cluster ions. These clusters might not 
be of importance when long analysis times can be used. At short measurement 
times though the rejection of the parent ions, using a narrow bandpass in the 
DRC-quadrupole, would reduce the sensitivity (especially for light-mass 
analytes) too drastically to be applicable to multi-element analysis in 
conjunction with laser ablation.  
The lower reactivity of hydrogen can to some extent be balanced with a buffer 
gas without substantial signal suppression for analyte ions. Hydrogen can 
successfully be used to remove argon-ions and argon-based interferences, 
which improves as well detection limits as accuracy for interfered isotopes. It is 
expected that the results presented here are in general transferable to other 
problematic interferences (e.g. ArV+) and will resolve some current problems in 
LA-ICP-MS. Due to the fact that the reaction pathways do not differ 
substantially between wet and dry plasma conditions, method development for 
laser ablation analysis can be simplified by using standard nebulization to 
characterize the reaction pathways in the first instance.  
It has become clear that the isotope selection as commonly used for laser 
ablation analysis has to be adjusted with respect to the chemistry in the cell. 
This is not only because access is given to otherwise interfered elements but as 
well because elements that are considered interference free under standard 
operating conditions can suffer from new species created in the cell.  
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5.2. Application of Hydrogen Chemistry for Improved 
Determination of Ca and Fe in the Multi-element 
Analysis of Inclusions  

 

Introduction 

Melt and fluid inclusions are small droplets of liquid that were trapped in 
minerals during their growth from magmas or hydrothermal solutions, 
respectively. They are the most direct source of information about chemical and 
physical properties of melts and fluids occurring deep in the Earth's crust(273). 
For this reason the study of melt and fluid inclusions has become an extremely 
valuable tool in various geological fields such as volcanology, ore deposit 
research, gas industry, petroleum industry, and many others. 
Due to their small size (typically 5-50 µm in diameter; corresponding to 10-11 to 
10-7 g total mass) the quantitative multi-element analysis of such inclusions has 
always presented a challenge to the analytical chemist.  
In the case of fluid inclusions, Laser-Raman microspectroscopy is widely used 
for the analysis of molecular gaseous species and the identification of solid 
precipitates within the inclusions(274-276). Proton induced X-ray analysis 
(microPIXE)(277,278) and synchrotron X-ray fluorescence(279,280) are two non-
destructive methods that allow direct quantification of absolute element 
abundances within individual inclusions. Both require a detailed knowledge of 
the fluid inclusion geometry, in order to be able to correct for host-mineral 
related absorption. Limits of detection are in the order of 100-1000 µg g-1 for a 
typical inclusion. LA-ICP-AES is a destructive technique that has been used to 
determine elemental ratios in the µg g-1 to mg g-1 range(281). 
Melt inclusions that cooled rapidly enough to be quenched to a homogeneous 
glass(292) are often analyzed by electron microprobe or secondary-ion mass 
spectrometry (SIMS)(282). If the melt inclusions are crystallized they have to be 
re-melted and quenched to glass prior to analysis. This step is very time-
consuming and is a potential source for getting erroneous results due to 
incomplete homogenization of the inclusion and/or partial melting of the host 
mineral.  
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LA-ICP-MS allows individual inclusions (of melt or fluid) to be sampled 
directly from the host mineral, without the need of prior homogenization or 
determination of inclusion geometry(136,283). This technique, though destructive, 
combines a fast analytical procedure (one analysis taking approximately two 
minutes, with up to 30 elements being measured in one analysis) with 
sensitivities that are up to two orders of magnitude better than for other 
methods(109,284,285). This allows concentrations of precious metals at µg g-1 levels 
to be measured in inclusions as small as 20 µm(131,155). The intensity ratios 
determined by LA-ICP-MS are transformed into absolute concentrations using 
an internal standard, i.e. an element which absolute concentration is known by 
an independent analysis. The internal standardization for fluid inclusions is 
based on Na(109,277,284), whereas Al can be applied for melt inclusions(268,285). 
A problem, especially in the analysis of fluid inclusions, of LA-ICP-MS has 
always been the limited accuracy in the determination of Ca and Fe. In very 
small or dilute inclusions Ca and Fe could not be considered in the calculation 
of the internal standard (based on NaClequiv. concentration measured using 
microthermometry), which lead to uncertainties in calculation of absolute 
element concentrations. This poor sensitivity is due to the fact that the major 
isotopes are interfered by background species from the ICP, namely 40Ar+ and 
40ArO+. The magnitude of the Ar-signal made it impossible to determine Ca 
using its major isotope under robust plasma conditions. The determination of 
Fe at m/z = 56 is limited by the variable abundance of 40Ar16O+, caused by 
variations in the concentration of oxygen in the ICP during the analytical 
process. The dynamic reaction cell (DRC) technology has recently been 
introduced into inductively coupled plasma mass spectrometers (ICP-MS) to 
minimize or to eliminate these plasma-based interferences. The DRC reduces 
these interferences on the basis of ion molecule reactions in a nearly thermal 
environment(226,245). The ion beam from the mass spectrometer is directed 
through a reaction volume that can be filled with a reactive gas, which may 
react with the ions based on their chemical properties. The reactions that occur 
within the reaction cell can be divided into different categories: charge transfer; 
association/condensation; collision-induced dissociation. 
 
Charge transfer is the preferred reaction for elimination of plasma-based 
interferences. The gas is chosen so that it reacts efficiently with the background 
ions (Ar+, ArO+ etc.) but not or less efficiently with analyte ions. The selection is 
made on the basis of the corresponding energy of ionization. Condensation and, 
to a lesser extent, association reactions occur mostly at lower rates, but can 
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become important for highly reactive gases (e.g. water vapor, ammonia). In this 
case, side-reactions with either the gas or impurities therein, are a potential 
source for additional interferences and the loss of analyte ions(249). This is why 
the selection of the appropriate gas and its purity are among the key parameters 
for the application of the DRC in a multielement approach. Collision-induced 
dissociation is fairly unlikely to cause a significant reduction of polyatomic ions 
under the energetic situation observed in a dynamic reaction cell, unless the 
molecular ion is very weakly bound (for example Ar2+).  
In most applications so far, the dynamic reaction cell has been operated with 
specific parameters for a few selected isotopes. These parameters are often not 
applicable for the analysis of inclusions, because they are developed for steady 
state signals from liquid nebulization(25,218,286,287) or used for single-element 
determinations(227,288). When a small sample volume needs to be analyzed within 
a short period of time, the variation of the gas density in the DRC is not 
possible. Analyte signals need to be acquired on a timescale of milliseconds, 
which currently exceeds the necessary stabilization time of the conditions inside 
the reaction cell.  
The aim of this study was to investigate the use of DRC technology for multi-
element analysis of short transient signals generated by laser ablation. For this 
purpose, populations of compositionally identical fluid and melt inclusions 
were analyzed for major, minor and trace elements (32 isotopes in total). 
Analyses were carried out with and without reactive gas in the DRC to study 
especially Fe and Ca together with all other detectable isotopes from such small 
samples. As earlier reported, in inclusions that were either too small (10 µm) or 
too dilute in Ca and Fe, concentrations of these important elements were not 
accessible(109). 
 
 

Experimental 

The experiments were carried out using the excimer laser ablation system 
GeoLas M (ArF 193 nm excimer laser, MicroLas GmbH, Göttingen Germany) as 
described elsewhere(106) in combination with an Elan 6100 DRC ICP-MS (Perkin 
Elmer/Sciex, Concord, Ontario). The working parameters for the laser ablation 
and ICP-MS are summarized in Table 5.3. The laser fluency and repetition rate 
were kept constant for all measurements.  
The fluid inclusions were ablated using the microcell, whereas a 21 cm3 cell was 
necessary to hold the melt inclusion samples. Helium was used as carrier gas to 
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transport the aerosol into the ICP-MS. The DRC was optimized using hydrogen 
as reaction cell gas and neon as buffer (see also Table 5.3). Gas density and 
transmission parameters were adjusted in order to minimize the signal for 40Ar+, 
while retaining transmission for analyte ions as high as possible. 32 isotopes 
were measured in each sample using a dwell time of 10 ms per isotope (3 ms 
quadrupole settling time). Due to the highly variable concentration of different 
elements within the inclusions, all measurements were carried out using the 
dual detector mode after calibrating pulse and analogue signals for the isotopes 
that need to be detected in both modes either during calibration or analysis 
(23Na+, 27Al+, 28Si+ and 40Ca+). The acquisition protocol and the data reduction 
protocol applied have been described elsewhere(289). Representative sampling of 
the inclusions was obtained out using a stepwise opening procedure with 
increasing crater diameters during the ablation procedure. The reference glass 
610 from NIST and a halite crystal were used as external standards and Na 
(fluid inclusions) or Al (melt inclusions) were used as internal standards for 
quantification.    
 

Table 5.3: Instrumental parameters 

Geolas M Laser Ablation System: 
Wavelength 193 nm, ArF-Excimer 
Beam manipulation homogenization, imaging 
Repetition rate 10 Hz 
Spot size used:  4 - 60 µm 
Fluency 30 J/cm2 
Carrier gas He, 1.2 L/min 
Make-up gas Ar, 0.7 L/min 
PE/SCIEX ELAN 6100 DRC ICP-MS: 
Rf-Power  1450 W 
Plasma gas flow 15 L/min 
Auxiliary gas flow 0.75 L/min 
Autolens On 
DRC-parameters  
Hydrogen flowa) 1.8 mL/min 
Neon flowa) 1 mL/min 
RPa 0 
RPq 0.75 
Analyzer settings  
Dwell time/isotope 10 ms 
Settling time 3 ms 
Sweeps /reading 1 
Detector mode dual 

a: mass flow controller settings (Ar calibrated), corrected values are H2: 1.26 mL/min, Ne: 1.05 mL/min 
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Sample description 

16 crystallized melt inclusions from the Rito del Medio granite in New Mexico, 
U.S.A. were analyzed. The inclusions define a primary growth zone within a 
quartz crystal from a miarolitic cavity (Figure 5.11). Quartz that was originally 
dissolved in the melt, precipitated to the walls, whereas feldspars and mica 
formed separate minerals within the cavity. Volatile phases like H O, which are 
not incorporated in the crystallizing minerals, are now visible as aqueous liquid 
and a separate vapor bubble. 

2

 

   
Figure 5.11: Microscopic pictures of melt inclusions (left) and a fluid inclusion (right) analyzed 
in this study, crater sizes used for successive enlargement of the ablation spot are displayed as 
circles.  

 
Since the inclusions occur on a primary growth zone they all trapped the same 
melt, and therefore should be identical in composition The concentration of the 
internal standard element (Al) was estimated on the basis of whole-rock data 
using the fractionation trend method described in Halter et al. . The relative 
uncertainty on the absolute concentration of this method is estimated to be 
about 10-30%. 

(268)

 Crystals 

Vapor Bubble 

Fluid inclusions were analyzed from a quartz sample from the Yankee Lode in 
the Mole Granite, Eastern Australia. This sample, which has been described in 
detail elsewhere , contains large (20-100 µm) fluid inclusions on 
pseudosecondary trails (Figure 5.11). Each trail represents a former crack in the 
quartz, in which part of the surrounding hydrothermal solution was trapped.  

(285,290)

The thin film of trapped liquid later reorganized to form separated droplets, 
which are now visible as fluid inclusions. Since all inclusion on a trail formed 
from the same liquid, they are identical in composition.  
Prior to LA-ICP-MS analysis each inclusion was measured by 
microthermometry, in order to determine the bulk salinity (NaCl ). The equiv
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analyzed trail (trail A) contains saline brine (26 wt% NaCl ) that was trapped 
at 550-600°C and 600-900 bar. Many of the dissolved components later 
precipitated within the inclusion during the cooling process, forming several 
daughter crystals. Since large portions of a specific element ultimately may be 
bound in a tiny daughter crystal, it is of critical importance that the entire 
inclusion is sampled and transported to the ICP-MS.  

equiv

 

Results and Discussion 

Transient signal intensities for the ablation of NIST 610 using standard and 
DRC mode are shown in Figure 5.12.  
 

 
Figure 5.12: Comparison of the transient signals obtained for Na , Ca  and Ca  in standard 
and DRC mode operation. Signals are acquired during a 60 second of ablation from SRM NIST 
610 using a 40 mm spot size at 10Hz, 30J/cm2. 

23 + 40 + +

 
The continuum background in normal mode and DRC mode remains 
unchanged. The low background signal at m/z 40 indicates the efficient removal 
of argon within the dynamic reaction cell using a mixture of hydrogen and 
neon. Neon was added to the cell in order to enhance the thermalization of the 
ions and to increase the efficiency of hydrogen in reduction of Ar  ions. Most 
analyte ions on the other hand are almost unaffected by the pressurized DRC. A 
suppression of the signals is seen for refractory elements as Ce or Th, because 
these elements partially react with water impurities in the gases. The improved 
detection limit of Ca (approx. a factor of 250) in the DRC mode results from the 
lower background and higher sensitivity as demonstrated by the signal 
intensities of the minor isotope Ca and the most abundant isotope Ca. A 
crater diameter of 40 µm was used. However, the comparison of the limits of 

+

40

42

42
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detection (LOD`s) for refractory elements shows a significant increase of LOD’s 
for the DRC mode, which was approx. a factor of 3 (Table 5.4). This increase is 
due to analyte loss inside the reaction cell, while the instrumental background 
remains more or less the same. Limits of detection for other elements remain 
almost unchanged between the two modes and are in the low µg/g for Na, Al, 
Mg, K, Ti, and Mn, whereas the limits of detection for Ca and Fe improved by 
the ratio of the abundance of the isotopes.   
 

Melt inclusion analysis 

Two typical transient signals obtained from melt inclusions are shown in Figure 
5.13 A/B. The inclusions were gradually sampled from the host mineral by 
increasing the crater diameter from 10 µm at the beginning of the analysis to a 
final spot size, which is determined by the size of the inclusion. This procedure 
is used to release mechanical stress in the host mineral and avoid uncontrolled 
decrepitation, resulting in partial loss of the analyte.  

 
Figure 5.13: Transient signals obtained for two melt inclusions. In inclusion A), Ca is detected 
on both isotopes, while in inclusion B) the Ca signal is only detected using Ca  with improved 
signal/background ratio. The values at the top of the diagram indicate the various spot sizes (in 
µm) used to open the inclusions. 

40 +

In Figure 5.13A Ca was either distributed homogeneously within the inclusion, 
or was concentrated in a phase that was ablated relatively homogeneously. The 
signals for Ca  and Ca  are both detectable and both follow a similar pattern 
in comparison to other matrix elements (Al, Fe). Nevertheless, Ca  is detected 
with a significantly higher signal to background ratio than Ca . The 
importance of the high sensitivity is demonstrated in Figure 5.13B. In this 

42 + 40

40 +

42

 

 

+
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inclusion the concentration of Ca is much lower and the distribution is 
heterogeneous. A sharp rise of the signal at the end of the analysis is significant 
for Ca  but hardly detected on Ca . The signal structure indicates a separate, 
Ca-rich phase in the inclusion, located at the bottom of the cavity (relative to the 
orientation of the sample surface).  

40 + 42 +

The comparison of absolute element concentrations (using a concentration of 
12.66 wt% Al as internal standard) determined in normal mode and DRC mode 
is given in Table 5.4. A series of 16 inclusions from the same population in a 
quartz mineral was analyzed in each mode.  
 

Table 5.4: Comparison between DRC-mode analysis and standard-mode results for the melt 
inclusion analysis. (n = 10) 

 Standard 
Mode 

DRC Mode RPD  Standard 
Mode 

DRC Mode RPD 

Isotope average±SD 
n=10 

average±SD 
n=10 

DRC/Std Isotope average±SD 
n=10 

average±SD 
n=10 

DRC/Std 

Major Elements, wt-% 
23Na 0.13±0.056 0.13±0.02 -2% 49Ti 0.12±0.01 0.12±0.01 0% 
39K 7.3±1.1 7.2±0.25 -1% 55Mn 0.18±0.01 0.19±0.01 8% 

40Ca  0.36±0.01 1%  56Fe  1.04±0.01 14% 
42Ca 0.36±0.08   57Fe 0.92±0.02 (0.05)  

Minor and Trace Elements, mg/kg 
7Li 600±160 450±88 -18% 133Cs 19.9±0.6 20±2 0% 
9Be 43±4 43±6 0% 139La 60±13 64±3 4% 
10B 50±8 41±6 -17% 140Ce 100±15 91±7 -4% 

24Mg 260±21 280±20 8% 159Tb 1.7±0.5 1.6±0.5 -8% 
25Mg 250±21 272±8 7% 175Lu 9.7±0.7 12±3 26% 
71Ga 52±2 54±2 5% 208Pb 65±4 72±4 11% 
75As 7.9±0.7 5.2±0.8 -35% 209Bi 2.0±0.3 2.7±0.4 36% 
85Rb 670±23 737±1 10% 232Th 130±25 120±10 -4% 
90Zr 420±92 440±24 5% 238U 70±10 71±9 -3% 

 
The concentration of Ca using Ca was 0.36±0.08 wt% (in both modes), whereas 
with Ca (in DRC mode) a value of 0.36±0.01 wt% was obtained. Results for Fe 
show significant differences between the standard mode (0.92±0.02 wt%) and 
the DRC mode (0.05 wt%). This extreme deviation is presumably caused by 
enhanced formation of CaOH  on mass 57 in the DRC mode. Due to the high 
concentration ratio Ca/Fe in NIST 610 (81800 ppm Ca vs 457 ppm Fe), even the 
relatively small contribution CaOH  (CaOH /Ca  ≈ 0.005%) overestimates the 
sensitivity for Fe by about a factor of 4 in the calibration.  

42

40 57

+

+ + +

57

On the other hand, the standard mode data for Fe and the DRC mode data on 
Fe (1.04±0.01 wt%) are essentially the same. This indicates that a possible 

contribution from CaO  on Fe  is either not affecting the analysis or results in a 
similar systematic deviation for both modes of operation. The deviation of the 
average major, minor and trace element concentrations measured in standard 

57

56

+ 56 +
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mode and the DRC mode is in general less than 10% relative and, in most cases, 
lies within the uncertainty of the measurements in both modes. Nevertheless, 
better signal/noise ratio for especially Ca and Fe improves reproducibility by a 
factor of 10 and 2, respectively. 
 

Fluid inclusion analysis 

The determination of Ca in fluid inclusions was only possible if the most 
abundant isotope was used. Figure 5.14 shows the transient signals for 40Ca+, 
42Ca+ and 23Na  obtained from ablation of a single fluid inclusion. The stepwise 
opening described for melt inclusion was also applied to fluid inclusions, in 
order to avoid uncontrolled splashing of the liquid around the crater. It is 
shown that the concentration (640 ppm for this inclusion) is too low for Ca to be 
detected at m/z 42 above the background.  

+

 

 
Figure 5.14: Transient signal for ablation of a fluid inclusion (30 µm diameter). During the 
stepwise opening of the inclusion, Ca  can be detected in each sequence, while Ca  is never 
detected above background. The values at the top of the diagram indicate the various spot sizes 
(in µm) used to open the inclusion 

40 + 42 +

 
The use of the other isotopes of Ca for analysis is obstructed through the low 
abundance of Ca and the potential variation of the background signal at m/z 
44 u, where the interference from C O  depends on the size of the inclusion. 
Therefore, only Ca  produced a detectable signal in any of the fluid inclusions 
investigated here. Even in very large inclusions (>80 µm), Ca was not detectable 
at m/z 42. Table 5.5 lists the concentrations measured in the fluid inclusions 
together with their respective reproducibility. 

43
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Table 5.5: Analytical results of DRC-mode analysis of fluid inclusions in a mineral-rich 
ensemble (Trail A) and a vapor enriched selection (Trail C). 

 Limits of Detection   a) Results Trail A Results Trail C 
Isotope Average SD Average SD RSD Average SD RSD 

Major elements, concentrations in wt% 
23Na 13 7 7.0 0.04 6% 2.4 0.02 8% 
39K 51 31 1.82 0.06 3% 0.53 0.041 8% 

55Mn 6 3.7 1.5 0.22 15% 0.2 0.11 55% 
56Fe 6 4.5 4.3 0.97 23% 0.8 0.35 44% 

Minor and trace elements, concentrations in µg/g 
7Li 5 2.6 2100 270 13% 1200 450 38% 
11B 25 17 1900 260 14% 2400 400 17% 

25Mg 14 9.6 800 810 101% 600 210 35% 
27Al 47 28 1900 500 26% 3000 3000 100% 
40Ca 11 5.9 1100 430 39% 240 46 19% 
42Ca 4020 2040 n.d.   n.d.   
65Cu 37 68 800 660 83% 3300 700 21% 
66Zn 12 6.3 5000 2800 56% 1600 480 30% 
75As 4 2.2 200 210 105% 260 56 22% 
85Rb 1.7 0.99 1100 160 15% 270 38 14% 
88Sr 1.2 0.65 6 2 33% 2 1 50% 
89Y 4 1.9 n.d.   n.d.   

90Zr 6 3.4 n.d.   n.d.   
95Mo 10 5.4 n.d.   n.d.   
107Ag 1.5 0.89 18 3 17% 4 2 50% 
120Sn 8 3.4 600 270 45% 700 850 121% 
121Sb 2 2.2 90 79 88% 53 8 15% 
133Cs 0.4 0.19 2290 45 2% 450 70 16% 
182W 6 3.8 60 47 78% 8 2 25% 
205Tl 0.8 0.31 23 1 4% 6 1 17% 
208Pb 1.6 0.76 2700 700 26% 530 92 17% 
209Bi 0.7 0.41 7 6 86% 4 2 50% 

n.d.: not detectable 
a)Limits of detection are all in µg/g 
 

 
Table 5.5 also gives average limits of detection for individual fluid inclusions 
with a size between 30 and 80 µm. These LOD`s are a function of inclusion size 
and sampling time and have been calculated for each inclusion on the basis of 
the integrated signal of the internal standard according to Longerich et al. . 
The correlation with the previous results from a similar trail like trail A, again is 
very good for the entire concentration range. The slope of the correlation plot 
(Figure 5.15, r  = 0.97) is close to unity (0.996) and the intercept below 10 . 

(289)
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Figure 5.15: Correlation plot for analytical results in the fluid inclusions, using standard-mode 
and DRC-mode measurements 

Conclusions 

This study shows the capabilities of a dynamic reaction cell ICP-MS coupled to 
laser ablation for fluid and melt inclusion analysis. The use of hydrogen as 
reactive gas allows the determination of Ca and Fe using the most abundant 
isotope with an improvement in the limit of detection of a factor of 250 in the 
case of Ca and a factor of 20 in the case of Fe. These elements can be 
determined, together with 28 other elements of interest, without compromising 
the robustness of the ICP using hot plasma conditions. The results obtained in 
DRC mode were compared with analysis carried out under standard ICP-MS 
conditions and the good agreement between these modes of operation indicates 
that the DRC can be used for multi-element analysis with fast transient signal 
acquisition. The method development for the DRC mode needs careful 
evaluation of the reactive gas and its purity as well as the transmission 
parameters of the bandpass mass filter. Depending on the chemical properties 
of the reaction gas and their impurities, reactions with analyte ions can occur 
leading to analyte loss and additional interferences. However, the formation of 
these additional interferences can be controlled by the transmission properties, 
which allow minimizing their abundance in most cases to the plasma 
background level.  
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5.3. An Oxygenation Reaction for improved 
Determination of Co in CaF2 

 

Introduction 

CaF  is amongst the materials that have very high transmission for wavelengths 
down to 160 nm, which makes it particularly interesting as a material for high-
resolution opto-lithographic techniques in the semiconductor industries. Its 
transmission and durability with respect to UV laser radiation, however, 
depend on the concentration of trace elements, especially the transition and rare 
earth elements. A demand for ultra-trace elemental analysis in this material is 
therefore emerging. Trace element concentrations at a level of several µg/kg 
shall be routinely analyzed, which makes sample digestion for analysis 
increasingly difficult due to contamination issues. Laser ablation is less 
sensitive to contamination since sample pretreatment only affects the sample 
surface. On the other hand there is no possibility for matrix separation, which 
makes matrix related spectral interferences a greater problem.  

2

CaF  gives rise to several interferences and a spectrum obtained during ablation 
of high purity polycrystalline sample of CaF  is shown in Figure 5.16.  2

 

 
Figure 5.16: Mass spectrum obtained during ablation of a CaF  polycrystalline material in 
standard mode. Severe interferences occur mainly on 

2

59Co and 63Cu. 

 

2
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The predominant matrix related interferences occur from CaF  and Ca , which 
obstruct the determination of the monoisotopic elements Co and Na at the 
ultra-trace level. Cu is also affected by CaF  and CaF  but to a lesser extent 
due to the lower abundance of the corresponding Ca-isotopes. Additional 
matrix related interferences occur at Mg  ( Ca ), Cr  ( Ca C ) and Fe  
( Ca OH ). While Mg can be analyzed using the interference-free but less 
sensitive isotope Mg  Cr and Fe also suffer from interferences (ArCr , ArO  
and ArOH  resp.). 

+ 2+

44 + 46 +

24 + 48 2+ 52 + 40 12 + 57 +

40 16 +

25 +, + +

+

The mass spectrum exhibits highly irregular shapes for CaF , which reflects the 
transient signal structure observed when ablating CaF  (Figure 5.17). The spiky 
ion signals observed at m/z 59, compared to the signals for elemental ions such 
as Ca  or Na  indicate that a fraction of CaF  is not formed in a continuous 
process but also occurs randomly. When ablating a pressed pellet of powdered 
CaF  the spikes get more frequent and, especially at the beginning of ablation, 
more intense (Figure 5.17 B). 

+

2

, +

2

 

 
Figure 5.17: Transient signal structures obtained during the ablation of a polycrystalline sample 
(A) of CaF  and a pressed pellet of powdered material (B). 2

The signal-spikes are probably caused by large particles of CaF , which are 
released randomly during ablation and transported to the ICP. Here they cause 
a huge and rapid change in the local matrix load so that full atomization of the 
particle is not achieved and the abundance of polyatomic ions increases. The 
high signal at m/z 59 at the beginning of the ablation of the pressed pellet 
indicates that large individual powder particles are released from the ablation 
spot at high rates. Upon development of the ablation crater, the probability for 
such large particles to leave the ablation crater is reduced and the spikes occur 
less frequently. Assuming that the ion signal observed at m/z 59 in between the 
spikes reflects the level of CaF  present in the ICP in the absence of non-
dissolved particles, the CaF /Ca  ratio is only in the range of 10  for the pressed 

2

+ + -6

42 + 23 +

 
A 

 
B

+
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pellet (Figure 5.17 B) and the elevated ion signal for the polycrystalline sample 
(Figure 5.17 A) is caused by trace amounts of Co.  
Ca2+ and CaOH+ on the other hand exhibit a transient signal similar to that of 
the elemental ions, which indicates that these are formed from fully ionized Ca+.  
The formation of Ca2+ can be readily suppressed using charge transfer with NH3 
because its ionization energy (10.16 eV) is lower than that of Ca+ (11.9 eV). 
Hydrogen or methane both have higher ionization energies (15.4 eV and 12.5 eV 
respectively) than Ca+ and cannot be applied for charge transfer in this case. 
Other reaction gases that have an ionization energy below that of Ca+ are: C2H2 
(11.4 eV), C2H4 (10.5 eV), C2H6 (11.5 eV), NO (9.3 eV) and NO2 (9.75 eV).  
Suppression of CaF+, on the other hand, cannot be accomplished by charge 
transfer because the ionization energy of CaF (5.8 eV(238)) is smaller than for the 
common reaction gases.  
In order to overcome the CaF+ interference, a condensation reaction of Co+ using 
N2O was evaluated. The reaction: 
[26]  Co+ + N2O  CoO+  + N2   ∆rH: -107 kJ/mole 

is exothermic and should therefore occur in the DRC.  
 

Experimental 

The GeoLas M was used for ablation of the CaF2-samples. The polycrystalline 
material was analyzed without any sample preparation, while 0.5 g of the 
powdered material was pressed to a circular pellet under a pressure of > 104 
kg/cm2 (> 10 tons). Reaction profiles for Ca-polyatomic ions, Co+ and As+ were 
recorded using solution nebulization with aerosol desolvation using the Aridus 
system. N2O was fed into the DRC using the non-gettered line B (Figure 2.1) of 
the instrument. The operating parameters are listed in Table 5.6. 
 
Table 5.6: Operating conditions 

ELAN 6100 ICP-DRC-MS  ARIDUS desolvating nebulizer 
ICP-Parameters  Nebulizer Gas Flow 1.05 L/min 

Rf-Power: 1350 W Spray-Chamber Temperature: 70°C 
Auxiliary gas flow 0.75 L/min Desolvation Temperature: 160 °C 
Plasma Gas 16.5 L/min Sweep Gas Flow: 2.3 L/min 
Autolens: On GeoLas Laser Ablation System 
DRC-Parameters  Nebulizer Gas Flow 0.75 L/min 
N2O gas flow (0.15 mL/min)a Carrier Gas flow (He): 1.2 L/min 
Cell Path Voltage -30 V Energy density: 23 J/cm2 
Cell Rod Offset 2.5 V Spot Size: 120 µm 
Rejection Parameter a: 0 Laser Frequency: 10 Hz 
Rejection Parameter q: (0.55) 

a) optimized values 
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Results and discussion 

The residual solvent vapor in the aerosol flow from the Aridus system leads to 
a higher formation of CaO+ and CaOH+, when compared to LA sampling and 
therefore might affect the magnitude of interferences formed. It will, however 
not change the reaction efficiency for the ions that enter the pressurized DRC 
(see chapter 5.1). 
Figure 5.18 shows the reaction profile for Co+ and additionally As+, which 
constitutes a potential interference at the m/z of 59Co16O+. As+ is readily oxidized 
and the abundance of As+ from a solution of 1 mg/L As (corresponding to an ion 
signal of ≈106 cps in standard mode) can be suppressed by 5 orders of 
magnitude at a gas flow of 0.4 mL/min N2O. The conversion of Co+ into CoO+ on 
the other hand is comparably slow and less efficient. The sensitivity for CoO+ is 
at least one order of magnitude smaller than for Co+ and scattering or reactive 
losses become significant before efficient conversion can be achieved.  
The highest sensitivity for CoO+ is obtained with an N2O-flow of 0.15 mL/min. 
At this flow the ion signal from As+ must be below 500 cps in standard mode 
operation to completely eliminate this interference by conversion to AsO+ in the 
pressurized DRC. Higher concentrations of As+ would require higher reaction 
gas flows, which would lead to higher signal suppression for the determination 
of Co as CoO+.  
 

 
Figure 5.18: Reaction profiles for As+ and Co+ at a concentration of 1 mg/L with N2O. The 
production of CoO+ at m/z 75 is significantly slower than the reaction of As+ to AsO+. 

 
A further obstacle before using higher reaction gas flows, however, arises from 
the formation of product ions at m/z 75 from the Ca-matrix (Figure 5.19). The 
formation of these ions occurs at an almost constant level for gas flows between 
0.15 mL/min and 0.4 mL/min. These ions are probably 43Ca16O2+ and 42Ca16O2H+, 
as products of a condensation reaction of CaO+ and/or CaOH+ with N2O. 
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Thermodynamic data for the higher oxide-ions of Ca are unfortunately are not 
available, to validate this hypothesis.  
 

 
Figure 5.19: Reaction profiles for a solution of 200 mg/L Ca and 1 mg/L Co with N2O. 

 
The variation of RPq further reveals that more than one species acts as 
precursor to the interference at m/z 75 in a Ca-matrix (Figure 5.20).  
 

 
Figure 5.20: Ion signals at m/z 75 when aspirating 200 mg/L Ca or 1 mg/l Co for increasing Rpq 
for a reaction gas flow of 0.15 mL/min N2O(left) and the resulting interference equivalent 
concentration for the determination of CoO+. 

 
The first species is rejected from the reaction volume at an RPq of 0.5, which 
corresponds to an m/z in the range of 41. This indicates that the interference at 
m/z 75 is caused either by an unknown species after ionization by Ar+ or is a 
condensation product of elemental Ca+ or its oxides. The latter is supported by 
the mass spectrum, where the abundance of the interferences that are formed in 
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the Ca-matrix corresponds to the isotopic pattern of CaO2+. Increasing RPq 
further leads to moderate decay until a value of 0.7, where the formation of this 
interference is reduced to almost the instrumental background. This value 
corresponds to an m/z of 58 where the ICP-generated CaO+ and CaOH+ ions are 
supposed to be rejected from the reaction volume. It is, however not possible to 
use an RPq above 0.7 for analysis of Co as CoO+ because the Co+ is also rejected 
from the DRC.  
The interference equivalent concentration obtained in the Ca-solution 
minimizes at values for RPq between 0.4 and 0.55 (Figure 5.20), where the 
transmission of Co+ is still high but the contribution from the Ca-matrix is 
reduced. Further reduction of the IEC cannot be achieved because the cut-off 
values for the precursor of the interference and for Co+ are too close to achieve a 
better separation. 
 

Application to Laser Ablation Sampling 

Even though the abundance of ICP-generated CaO+ is comparably small when 
LA is used for sample introduction, the signals at m/z 75 cannot be suppressed 
completely. The mass spectrum indicates that CaO2+ (significant at m/z 72 and 
74) is also formed in the DRC when N2O is used as reaction gas and the RPq is 
set to 0.5 (Figure 5.21).  

 
Figure 5.21: Mass spectrum for the gas blank and during the ablation of a pressed pellet CaF2 
sample with the DRC is pressurized by 0.15 mL/min N2O. RPq is 0.55 at all m/z. Signals at m/z 
72 and 74 indicate that CaO2+ is formed also from dry aerosols during laser ablation sampling. 
The intense signals at m/z 44, 45 and 46 are reaction products of N2O (N2O+, N2OH+ and 
N2OH2+). 
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An additional contribution to the signal at m/z 75 may be caused by 40Ca16O19F+, 
eventually formed in a condensation of 40Ca19F+ with N2O. 
The background signal for CoO+ at m/z 75 during ablation of a CaF2 pressed 
pellet is approximately 50 cps, which corresponds to an IEC of 0.5 mg/kg Co. 
This is an improvement by more than two orders of magnitude compared to 
standard mode operation, where the statistical occurrence of CaF+-spikes at m/z 
59 leads to an IEC of about 100 mg/kg Co. These spikes are observed less 
frequently and much smaller in magnitude for detection of CoO+ in the 
pressurized DRC (Figure 5.22). 
 

 
Figure 5.22: Transient signals obtained during ablation of CaF2 (pressed pellet, identical sample 
as shown in Figure 5.17 B) when the DRC is pressurized with a flow of 0.15 mL/min N2O at an 
RPq of 0.55. 

Conclusion 

The highest efficiency of the conversion of Co+ into CoO+ is achieved at a 
moderate reaction gas flow of 0.15 mL/min N2O. The conversion, however, is 
not sufficiently efficient and the losses of CoO+ at increasing gas flow are 
comparable to those observed for Co+ so that the sensitivity is reduced by at 
least an order of magnitude compared to the elemental ion. Under these 
conditions, however, the concentration of As is the sample must not yield an 
ion signal greater than 500 cps in standard mode operation in order to be 
entirely converted into AsO+ and removed from m/z 75. This intensity would 
correspond to an As concentration of 5 mg/kg for ablation of polycrystalline 
CaF2 using the GeoLas M at 120 µm spot size and 10 Hz laser frequency. 
Additional interferences are formed in the Ca-matrix either from CaO2+ or 
CaOF+. These ions cannot completely be resolved by rejection of the precursor 
ions through a higher RPq-value because the relative mass difference to Co+ is 
too small. The IEC for the ablation of the CaF2 polycrystalline materials or 
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pressed pellets can nonetheless be significantly reduced from 100 mg/kg in 
standard mode operation to below 1 mg/kg. 
This approach may therefore be useful for the screening of material that is 
suspected of containing elevated concentrations of Co but at this stage it is not 
applicable for the quality control of high purity CaF2 samples.  
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In this work it is shown that the suppression of spectral interferences by using 
ion molecule reactions can significantly improve elemental sensitivity and 
analytical accuracy in a variety of ICP-MS applications.  
Several studies were carried out in order to characterize the influence of the 
pressurized dynamic reaction cell on ion transmission and to describe the 
chemical reactions that occur with the use of different reaction gases. As one of 
the results it is evident that the enhancement of ion transmission by collisional 
focusing effects strongly depends on the ion to gas mass ratio. When the gas 
used is too light, the ions` kinetic energy cannot be efficiently damped and only 
small effects are observed. Gases that are too heavy, on the other hand, cause 
scattering losses already at low gas flow. It therefore depends on the gas used in 
a given application, its density in the DRC and the mass of the ion, whether 
transmission is enhanced or not. 
The influence of chemical processes inside the DRC was in the foreground of 
the fundamental studies. A comparison of different reaction gases with respect 
to their conversion efficiency in the DRC revealed that kinetic data for thermal 
ion-molecule reactions might not be fully representative for the situation inside 
the DRC. The relative efficiencies of H2, CH4, O2 and N2O for the conversion of 
Ar2+ as shown in this work, rather indicate that especially H2 does not yield a 
sufficient reduction of the ions` kinetic energies that would be required to 
approach the situation of a thermal reaction. The reaction gases with higher 
molecular mass and larger ion-dipole (induced or permanent) interactions 
yielded higher conversion efficiencies and can be described more readily by a 
kinetic model that is close to thermal. Nonetheless, ion molecule reactions can 
offer a wide variety of pathways for the separation of analyte ions from a given 
interference. The most straightforward approach is the elimination of the 
interference by neutralization or condensation reactions that convert the 
interference into an ion of different mass. The latter, however can also be 
applied to shift an analyte ion to a non-interfered m/z for detection. Since the 
occurrence of these reactions is related to the thermodynamic properties of the 
ions and reaction gases it can in most cases be readily estimated whether the 
reaction will occur in the DRC or not. It shall be stressed, however, that: “in 
most cases” should be taken seriously because it was also found that reactions 
that would have been excluded due to thermodynamical considerations did 
nonetheless occur at significant rates. One example is the highly endothermic 
oxygenation of Zn+ with O2. It is at this stage not clear whether this reaction 
proceeds with O2 directly or perhaps by an intermediate reactive precursor, but 
the method development needs to take into account that such reaction may take 
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place and the possibility of these “unknown” reaction channels is expected to 
increase with the relative reactivity of the reaction gas used in the DRC. Within 
this work it is revealed that especially highly reactive gases like O2, NH3, CH4 or 
N2O can lead to the formation of product ions, which cause additional 
interferences and reduce sensitivity for the analyte ions. The abundance of 
additional interferences in the mass spectrum can be minimized by adjusting 
the transmission window of the DRC to reject the precursor ions to a great 
extent but the loss in sensitivity can usually not be compensated for.  
This should also be true for H2 as reaction gas, especially because the precursor 
and product ions of a condensation reaction are very close in m/z, which makes 
it difficult to exclude the precursors by the bandpass settings of the DRC. It 
was, however, not found to be a significant limitation for the applications 
studied here. Condensation or association products from this reaction gas were 
hardly observed. This may be due to the fact that these ions were already 
present at high abundance in the raw ion beam (like ArH+, Ar2H+ or SeH2+), 
which makes it difficult to distinguish between ICP-generated ions and 
secondary reaction products.  
A careful investigation of the operating conditions, however, is strongly 
recommended during the development of analytical methods for a specific 
sample matrix. Signal to background ratios and isotopic studies were found to 
be useful indicators to determine the efficiency of a given reaction and the 
presence of interferences caused by secondary ions. Further steps in the method 
development need to include a validation by standard reference materials, 
whenever possible certified by independent methods. This last step for example 
revealed that, even though the optimization of the DRC parameters had 
indicated that oxygenation of Se+ by N2O should be a suitable approach, non-
identified secondary ions were produced from an aqueous reference sample 
that biased the analytical results significantly. 
The various types of applications of ion-molecule reactions that were 
investigated could subsequently be used for the analysis of elements that suffer 
from spectral overlap. These include the determination of Ca and Fe in 
mineralogical and industrial samples, Se in waters, simultaneous determination 
of Zr and Nb in Cr-rich matrices and Co in fluorite.  
These applications show that the DRC technology holds several advantages in 
routine applications, like the possibility to achieve extraordinarily high 
resolving powers when compared to current sector field instrumentation and 
the possibility to operate the ICP at robust plasma conditions. The latter ensures 
an efficient atomization and ionization of most elements in the periodic table 
and is less affected by the matrix composition of the analyzed sample.  
It has been shown that an ion molecule reaction can virtually eliminate 
interferences, which would require a mass resolving power m/∆m of greater 
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than 105 (e.g. the resolution of 40Ca+ from 40Ar+) that is out of the range of any 
commercial sector-field ICP-MS instrument available today. When an ion 
molecule reaction of high efficiency and selectivity is available, it is also 
possible to operate the ICP-MS without a trade-off in sensitivity (as usually 
accompanying any increase in physical mass resolution), or even at higher 
sensitivity because collisional focusing processes inside the DRC lead to a better 
transmission of the analyte ions while the interferences undergo reactions and 
are removed from the mass spectrum. The performance of the DRC is 
furthermore not affected by the sample introduction system used or the matrix 
load of the sample presented to the ICP. Both these parameters would 
significantly influence the performance of an ICP-MS when operated under 
cold-plasma conditions.  
A significant improvement in the performance of the DRC for the acquisition of 
transient signals with a wide elemental coverage was the introduction of the 
AFT-electrodes, which virtually eliminated the cross talk between the analyzer 
quadrupole and ion transmission through in DRC. This made it possible to use 
laser ablation for sample introduction without a compromise between 
sensitivity and time resolution as observed initially.  
Further developments in this field will focus on the multi-element capabilities 
of the ion-molecule reactor for analysis with ICP-MS. Future studies must 
consider the importance of impurities in the reaction gas (or a non-reactive 
noble gas) on the performance of the DRC, which allows one to distinguish 
between reactions caused by reactive gas or its impurities.  
Further it will be of great interest for the analytical chemist to be able to use 
existing methods, developed on different instruments for his particular 
application and to compare different approaches made. In order to achieve such 
a comparison, it will be necessary to define an application by a) the gas quality 
used, b) the signal to background ratio achievable for a defined analyte 
concentration and c) the efficiency of rejection for secondary ions and the 
parameters used. 
Even though the technique is still relatively young, it has been observed that a 
variety of applications have already been transferred into routine work. This 
indicates that, even though method development is somewhat more complex 
than in standard ICP-MS work, the applicability for a routine laboratory is at 
hand and will be steadily emerging. 
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7.1. Table of the Abundances of Naturally occurring 
Isotopes 

IE,1. eV IE 2. eV amu > 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

13.6  H 99.9 0.01                             
24.6 54 He       100                         
5.4 77 Li           7.5 92.5                   
9.3 18.2 Be                 100               
8.3 25 B                   20 80           
11.3 24 C                       98.9 1.1       
14.5 30 N                           99.6 0.36   
13.6 35 O                               99.8 

  amu > 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

13.6 35 O 0.04 0.2                             
17.4 35 F     100                           
21.6 41 Ne       90.5 0.27 9.2                     
5.1 47.3 Na             100                   
7.6 15 Mg               79 10 11             
6 18.8 Al                     100           

8.2 16.3 Si                       92.2 4.7 3.1     
10.5 19.7 P                             100   
10.4 23.3 S                               95 

  amu > 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 

10.4 23.3 S 0.75 4.2   0.02                         
13 23.8 Cl     75.8   24.2                       

15.6 27.6 Ar       0.34   0.06   99.6                 
4.3 31.6 K             93.3 0.01 6.7               
6.1 11.9 Ca               96.9   0.65 0.14 2.08   0.004   0.19 
6.5 12.8 Sc                         100       
6.8 13.6 Ti                           8 7.3 73.8 

  amu > 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 

6.8 13.6 Ti 5.5 5.4                             
6.7 14.7 V   0.25 99.7                           
6.8 16.5 Cr   4.35   83.8 9.5 2.36                     
7.4 15.6 Mn             100                   
7.9 16.2 Fe           5.8   91.7 2.2 0.28             
7.9 17.1 Co                     100           
7.6 18.2 Ni                   68.3   26.1 1.13 3.59   0.91 
7.7 20.3 Cu                             69.2   
9.4 18 Zn                               48.6 

  amu > 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 

7.7 20.3 Cu 30.8                               
9.4 18 Zn   27.9 4.1 18.8   0.6                     
6 20.5 Ga         60.1   39.9                   

7.9 15.9 Ge           20.5   27.4 7.8 36.5   7.8         
9.8 18.6 As                     100           
9.8 21.2 Se                   0.9   9 7.6 23.6   49.7 
11 21.8 Br                             50.7   
14 24.4 Kr                           0.35   2.25 

  amu > 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 

9.8 21.2 Se   9.2                             
11 21.8 Br 49.3                               
14 24.4 Kr   11.6 11.5 57   17.3                     
4.2 27.3 Rb         72.2   27.8                   
5.7 11 Sr       0.56   9.9 7 82.6                 
6.4 12.2 Y                 100               
6.8 13.1 Zr                   51.4 11.2 17.1   17.5   2.8 
6.9 14.3 Nb                         100       
7.1 16.1 Mo                       14.8   9.3 15.9 16.7 
7.4 16.8 Ru                               5.5 
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IE,1. eV IE 2. eV amu > 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 

7.1 16.1 Mo 9.6 24.1   9.6                         
7.4 16.8 Ru   1.9 12.7 12.6 17 31.6   18.7                 
7.5 18.8 Rh             100                   
8.3 19.6 Pd           1   11.2 22.3 27.3   26.5   11.7     
7.6 21.5 Ag                     51.8   48.2       
9 16.9 Cd                   1.25   0.9   12.5 12.8 24.1 

7.3 14.6 Sn                               0.97 

  amu > 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 

9 16.9 Cd 12.2 28.7   7.5                         
5.8 18.9 In 4.3   95.7                           
7.3 14.6 Sn   0.65 0.36 14.5 7.7 24.2 8.6 32.6   4.6   5.8         
8.6 16.5 Sb                 57.3   42.7           
9 18.6 Te               0.09   2.6 0.9 4.8 7.1 19   31.7 

10.5 11.1 I                             100   
12.1 21.2 Xe                       0.1   0.09   1.9 

  amu > 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 

9 18.6 Te   33.8                             
12.1 21.2 Xe 26.4 4.1 21.2 26.9   10.4   8.9                 
3.9 25 Cs         100                       
5.2 10 Ba       0.1   2.4 6.6 7.9 11.2 71.7             
5.6 11.1 La                   0.09 99.9           
5.5 10.8 Ce               0.19   0.25   88.5   11.1     
5.4 10.5 Pr                         100       
5.5 10.7 Nd                           27.1 12.2 23.8 
5.6 11.7 Sm                               3.1 

  amu > 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159 160 

5.5 10.7 Nd 8.3 17.2   5.8   5.6                     
5.6 11.7 Sm     15 11.3 13.8 7.4   26.7   22.7             
5.7 11.2 Eu             47.8   52.2               
6.1 12.1 Gd               0.2   2.2 14.8 20.5 15.7 24.8   21.8 
5.8 11.5 Tb                             100   
5.9 11.7 Dy                       0.06   0.1   2.3 

  amu > 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 

5.9 11.7 Dy 18.9 25.5 24.9 28.2                         
6 11.8 Ho         100                       

6.1 11.9 Er   0.14   1.6   33.6 22.9 26.8   15             
6.2 12 Tm                 100               
6.3 12.2 Yb               0.13   3 14.3 21.9 16.2 31.8   12.7 
5.4 13.9 Lu                             97.4 2.6 
7 14.9 Hf                           0.16   5.2 

  amu > 177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192 

7 14.9 Hf 18.6 27.3 13.6 35.1                         
7.9 15.6 Ta       0.01 99.9                       
8 17.6 W       0.13   26.3 14.3 30.7   28.6             

7.9 13.1 Re                 37.4   62.6           
8.7 16.6 Os               0.02   1.6 1.6 13.3 16.1 26.4   41 
9.1 16.6 Ir                             37   
9 18.6 Pt                           0.01   0.79 

  amu > 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 

9.1 16.6 Ir 62.7                               
9 18.6 Pt   32.9 33.8 25.3   7.2                     

9.2 20.5 Au         100                       
10.4 18.8 Hg       0.14   10 16.8 23.1 13.2 29.8   6.9         
6.1 20.4 Tl                     29.5   70.5       
7.4 15 Pb                       1.4   24.1 22.1 52.4 

  amu > 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 

7.3 16.7 Bi 100                               

  amu > 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 240 

6.1 11.5 Th               100                 
6.1 14.7 U                   0.006 0.72     99.3     

A shaded background indicates the isotope most suited for analysis in the absence of matrix 
related or plasma-based interferences. From references 256 and 291. 
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7.2. Isobaric Interferences  
 

m/z Isobarsa m/∆m m/z Isobars m/∆m 
36 S Ar 77000 124 Sn Xe 198886 
40 Ar K 24700 124 Te Xe 40373 
40 Ar Ca 192100 126 Te Xe 129665 
40 K Ca 28300 128 Te Xe 137088 
46 Ca Ti 43500 130 Te Xe 47776 
48 Ca Ti 10400 132 Xe Ba 147544 
50 Ti V 21000 134 Xe Ba 147962 
50 Ti Cr 39600 136 Xe Ba 51035 
50 V Cr 44800 136 Xe Ce 1720345 
54 Cr Fe 73890 136 Ba Ce 52595 
58 Fe Ni 28001 138 Ba La 73432 
64 Ni Zn 54315 138 Ba Ce 181454 
70 Zn Ge 65047 138 La Ce 123351 
74 Ge Se 56951 142 Ce Nd 93484 
78 Se Kr 25191 144 Nd Sm 75228 
80 Se Kr 547373 148 Nd Sm 71491 
82 Se Kr 25393 150 Nd Sm 41471 
84 Kr Sr 43659 152 Sm Gd 2450318 
86 Kr Sr 64064 154 Sm Gd 114696 
87 Rb Sr 308188 156 Gd Dy 72288 
92 Zr Mo 51924 158 Gd Dy 524666 
94 Zr Mo 76161 160 Gd Dy 86074 
96 Zr Mo 26671 162 Dy Er 81699 
96 Zr Ru 141876 164 Dy Er 5854614 
96 Mo Ru 32844 168 Er Yb 110121 
98 Mo Ru 829707 170 Er Yb 242072 

100 Mo Ru 30649 174 Yb Hf 145922 
102 Ru Pd 80303 176 Yb Lu 1491039 
104 Ru Pd 74431 176 Yb Hf 152199 
106 Pd Cd 35468 176 Lu Hf 138102 
108 Pd Cd 328639 180 Hf Ta 193908 
110 Pd Cd 50834 180 Hf W 1084015 
112 Cd Sn 86079 180 Ta W 236152 
113 Cd In 327258 184 W Os 117843 
114 Cd Sn 197406 186 W Os 354198 
115 In Sn 218034 187 Re Os 62318587 
116 Cd Sn 38454 190 Os Pt 128177 
120 Sn Te 64848 192 Os Pt 438268 
122 Sn Te 316631 196 Pt Hg 226550 
123 Sb Te 2194719 198 Pt Hg 176914 
124 Sn Te 50655 204 Hg Pb 459400 

A Shaded background indicates the most abundant isotope 
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7.3. Table of 40Ar-X+ Polyatomic Interferences 
m/z El+ X m/∆m m/z El+ X m/∆m m/z El+ X m/∆m m/z El+ X m/∆m 

41 K H 4886 98 Mo Fe 10048 140 Ce Mo 3931 174 Yb Ba 2416 
46 Ca Li 1929 98 Mo Ni 12756 140 Ce Ru 3602 175 Lu Ba 2405 
47 Ti Li 1764 99 Ru Co 9551 141 Pr Ru 3550 176 Yb Xe 2411 
49 Ti Be 1834 100 Ru Ni 9044 142 Nd Ru 3460 176 Yb Ba 2326 
50 Cr B 1706 101 Ru Ni 8313 142 Nd Pd 3571 176 Yb Ce 2408 
51 V B 1837 102 Ru Ni 7487 143 Nd Rh 3408 177 Hf Ba 2358 
52 Cr C 2375 103 Rh Cu 7611 144 Nd Ru 3403 178 Hf Ba 2339 
53 Cr C 2110 104 Ru Ni 6894 144 Nd Pd 3294 178 Hf La 2398 
54 Fe N 2087 104 Ru Zn 7478 145 Nd Pd 3211 178 Hf Ce 2362 
55 Mn N 2247 105 Pd Cu 7041 146 Nd Pd 3087 179 Hf La 2321 
56 Fe O 2502 106 Pd Zn 7034 146 Nd Cd 3295 180 Hf Ce 2285 
57 Fe O 2180 107 Ag Zn 6860 147 Sm Ag 3098 181 Ta Pr 2321 
58 Ni O 2212 108 Pd Zn 6475 148 Sm Pd 3046 182 W Ce 2376 
59 Co F 2136 109 Ag Ga 6486 148 Sm Cd 3064 182 W Nd 2329 
63 Cu Na 2790 110 Cd Zn 7184 149 Sm Ag 2975 183 W Nd 2344 
64 Zn Mg 3497 110 Cd Ge 6712 150 Sm Pd 3014 184 W Nd 2344 
65 Cu Mg 3178 111 Cd Ga 6486 150 Sm Cd 2889 184 W Sm 2403 
66 Zn Mg 3480 112 Cd Ge 6116 151 Eu Cd 2832 185 Re Nd 2371 
67 Zn Al 3985 113 Cd Ge 6085 152 Sm Cd 2783 186 W Nd 2358 
68 Zn Si 4696 114 Cd Ge 5753 152 Sm Sn 2850 187 Re Sm 2382 
69 Ga Si 5183 114 Cd Se 6157 153 Eu Cd 2808 188 Os Nd 2455 
70 Ge Si 5874 115 In As 5775 153 Eu In 2790 188 Os Sm 2390 
71 Ga P 6197 116 Sn Ge 6454 154 Sm Cd 2726 189 Os Sm 2405 
72 Ge S 5812 116 Sn Se 5751 154 Sm Sn 2698 190 Os Nd 2527 
73 Ge S 7027 117 Sn Se 5658 155 Gd In 3549 190 Os Sm 2411 
74 Ge S 8148 118 Sn Se 5379 155 Gd Sn 3592 191 Ir Eu 2437 
75 As Cl 7772 118 Sn Kr 6262 156 Gd Cd 2836 192 Os Sm 2419 
76 Se S 7403 119 Sn Br 5263 156 Gd Sn 2688 192 Os Gd 2421 
76 Se Ar 7081 120 Sn Se 5147 157 Gd Sn 2677 193 Ir Eu 2433 
77 Se Cl 9181 120 Sn Kr 5115 158 Gd Sn 2627 194 Pt Sm 2484 
78 Se Ar 9975 121 Sb Br 4807 159 Tb Sn 2664 194 Pt Gd 2442 
79 Br K 10176 122 Sn Se 5007 160 Gd Sn 2560 195 Pt Gd 1085 
80 Se Ar 9693 122 Sn Kr 4421 160 Gd Te 2638 196 Pt Gd 2436 
80 Se K 8104 123 Sb Kr 4436 161 Dy Sb 2650 196 Pt Dy 2503 
80 Se Ca 9454 124 Sn Kr 3948 162 Dy Sn 2655 197 Au Gd 2456 
81 Br K 10219 124 Sn Sr 4206 162 Dy Te 2639 198 Hg Gd 2466 
82 Se Ca 19068 125 Te Rb 4129 163 Dy Sb 2622 198 Hg Dy 2476 
84 Sr Ca 18899 126 Te Kr 4153 163 Dy Te 2625 199 Hg Tb 2471 
85 Rb Sc 13069 126 Te Sr 3977 164 Dy Sn 2664 200 Hg Gd 2535 
86 Sr Ca 12636 127 I Rb 3856 164 Dy Te 2562 200 Hg Dy 2477 
86 Sr Ti 14959 127 I Sr 3823 164 Dy Xe 2692 201 Hg Dy 2482 
87 Sr Ti 16567 128 Te Sr 3508 165 Ho Te 2597 202 Hg Dy 2480 
88 Sr Ca 9462 130 Te Zr 3319 166 Er Te 2568 202 Hg Er 2542 
88 Sr Ti 18683 132 Ba Zr 3506 166 Er Xe 2607 203 Tl Dy 2499 
89 Y Ti 20215 132 Ba Mo 3679 167 Er I 2560 204 Hg Dy 2490 
90 Zr Ti 36532 133 Cs Nb 3624 168 Er Te 2562 204 Hg Er 2491 
90 Zr V 18591 134 Ba Zr 3742 168 Er Xe 2526 205 Tl Ho 2509 
90 Zr Cr 24161 134 Ba Mo 3617 169 Tm Xe 2519 206 Pb Er 2519 
91 Zr V 129495 135 Ba Mo 3603 170 Er Te 2542 207 Pb Er 2541 
92 Zr Cr 42826 136 Ba Zr 4009 170 Er Xe 2442 208 Pb Er 2540 
93 Nb Cr 27783 136 Ba Mo 3624 170 Er Ba 2543 209 Bi Tm 2494 
94 Zr Cr 18581 136 Ba Ru 3930 171 Yb Xe 2482 232 Th Pt 2024 
94 Zr Fe 21717 137 Ba Mo 3659 172 Yb Xe 2461 238 U Hg 1957 
95 Mo Mn 17546 138 Ba Mo 3683 172 Yb Ba 2493     
96 Mo Fe 13041 138 Ba Ru 3671 173 Yb Cs 2456     

A shaded background indicates the most abundant isotope 
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7.4. Table of 16O-X+ Polyatomic Interferences 
m/z El+ X m/∆m m/z El+ X m/∆m m/z El+ X m/∆m m/z El+ X m/∆m 

23 Na Li 1087 79 Br Cu 12774 124 Sn Cd 20049 169 Tm Eu 9350 
25 Mg Be 1175 80 Se Ni 12562 125 Te Ag 26207 170 Er Sm 9264 
26 Mg B 1029 80 Se Zn 10600 126 Te Pd 39028 170 Er Gd 8633 
27 Al B 1190 81 Br Cu 12610 126 Te Cd 23367 171 Yb Gd 1439 
28 Si C 1555 82 Se Zn 19315 127 I Cd 23588 172 Yb Gd 8887 
29 Si C 1331 84 Sr Zn 13250 128 Te Cd 18843 172 Yb Dy 10002 
30 Si N 1238 85 Rb Ga 9764 128 Te Sn 23306 173 Yb Gd 8942 
31 P N 1457 86 Sr Zn 7833 130 Te Cd 16334 174 Yb Gd 8764 
32 S O 1800 86 Sr Ge 8685 130 Te Sn 15229 174 Yb Dy 8899 
33 S O 1460 87 Rb Ga 8331 132 Ba Cd 24568 175 Lu Tb 8525 
34 S O 1296 88 Sr Ge 7731 132 Ba Sn 15735 176 Yb Gd 8541 
35 Cl F 1429 89 Y Ge 7099 133 Cs Sn 17571 176 Yb Dy 7834 
39 K Na 1857 90 Zr Ge 7896 134 Ba Sn 16805 177 Hf Dy 8276 
40 Ca Mg 2301 90 Zr Se 7088 135 Ba Sn 18125 178 Hf Dy 8092 
41 K Mg 2164 91 Zr As 8365 136 Ba Sn 18262 178 Hf Er 8894 
42 Ca Mg 2221 92 Zr Ge 8148 136 Ba Te 24299 179 Hf Dy 8070 
43 Ca Al 2429 92 Zr Se 10118 137 Ba Sb 19345 180 Hf Dy 8011 
44 Ca Si 2687 93 Nb Se 11001 138 Ba Sn 20041 180 Hf Er 8021 
45 Sc Si 2901 94 Zr Se 15916 138 Ba Te 18980 181 Ta Ho 7948 
46 Ti Si 2862 95 Mo Br 12803 139 La Sb 19244 182 W Er 7909 
47 Ti P 2776 96 Mo Se 14187 139 La Te 19395 183 W Er 7862 
48 Ti S 2518 97 Mo Br 18682 140 Ce Sn 26618 184 W Er 7776 
49 Ti S 2645 98 Mo Se 15743 140 Ce Te 18165 184 W Yb 8312 
50 Ti S 2775 100 Ru Sr 24219 141 Pr Te 16963 185 Re Tm 7759 
51 V Cl 2572 101 Ru Rb 88982 142 Nd Te 14928 186 W Er 7753 
52 Cr S 2418 102 Ru Sr 670423 143 Nd I 13700 186 W Yb 7532 
53 Cr Cl 2625 103 Rh Rb 73295 144 Nd Te 13428 187 Re Yb 7627 
55 Mn K 2670 103 Rh Sr 61035 146 Nd Te 12178 188 Os Yb 7659 
56 Fe K 2333 104 Ru Sr 21283 146 Nd Ba 12227 189 Os Yb 7553 
56 Fe Ca 2479 105 Pd Y 24374 148 Sm Ba 9944 190 Os Yb 7701 
57 Fe K 2668 106 Pd Zr 27493 149 Sm Cs 8840 190 Os Hf 8092 
58 Ni Ca 3185 107 Ag Zr 23568 150 Sm Ba 8385 191 Ir Lu 7668 
59 Co Ca 2877 108 Pd Zr 27387 151 Eu Ba 7829 192 Os Yb 8000 
60 Ni Ca 3056 108 Pd Mo 49725 152 Sm Ba 7495 192 Os Lu 8039 
61 Ni Sc 3082 109 Ag Nb 31466 152 Sm Ce 8590 193 Ir Hf 7783 
62 Ni Ca 3057 110 Cd Zr 61987 153 Eu Ba 7455 194 Pt Hf 8064 
62 Ni Ti 3225 110 Cd Mo 36561 154 Sm Ba 6975 195 Pt Hf 8109 
63 Cu Ti 3684 111 Cd Mo 32343 154 Sm La 7624 196 Pt Hf 8349 
64 Zn Ca 3493 112 Cd Zr 262683 154 Sm Ce 7224 196 Pt Ta 8693 
64 Zn Ti 4661 112 Cd Mo 35301 155 Gd La 1969 196 Pt W 8409 
65 Cu Ti 4330 112 Cd Ru 447611 156 Gd Ce 7161 197 Au Ta 8335 
66 Zn Ti 4824 113 Cd Mo 32556 157 Gd Pr 7335 198 Hg W 8381 
66 Zn V 4110 114 Cd Mo 37456 158 Gd Ce 7917 199 Hg W 8610 
66 Zn Cr 4417 114 Cd Ru 36057 158 Gd Nd 7357 200 Hg W 8908 
67 Zn V 5696 115 In Ru 38010 159 Tb Nd 7710 200 Hg Os 9574 
68 Zn Cr 6421 116 Sn Mo 179972 160 Gd Nd 7253 201 Hg Re 8971 
69 Ga Cr 6903 116 Sn Ru 44390 160 Gd Sm 7942 202 Hg W 9464 
70 Ge Cr 7324 117 Sn Ru 47560 161 Dy Nd 8277 202 Hg Os 9237 
70 Ge Fe 6804 118 Sn Ru 50128 162 Dy Nd 8630 203 Tl Re 9373 
71 Ga Mn 8587 118 Sn Pd 108866 163 Dy Sm 8614 203 Tl Os 9371 
72 Ge Fe 9252 119 Sn Rh 41115 164 Dy Nd 9439 204 Hg Os 8979 
73 Ge Fe 10650 120 Sn Ru 64394 164 Dy Sm 8434 205 Os 9606 
74 Ge Fe 10539 120 Sn Pd 36802 165 Ho Sm 9050 206 Pb Os 9769 
74 Ge Ni 8138 121 Sb Pd 31535 166 Er Nd 11451 206 Pb Pt 10507 
75 As Co 11496 122 Sn Pd 24139 166 Er Sm 9165 207 Pb Ir 10162 
76 Se Ni 11685 122 Sn Cd 59062 167 Er Eu 9657 208 Pb Os 10276 
77 Se Ni 12680 123 Sb Ag 29180 168 Er Sm 9473 208 Pb Pt 10058 
78 Se Ni 13080 124 Sn Pd 19174 168 Er Gd 9507 209 Bi Ir 9275 

Tl 
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7.5. Background Spectrum from the ELAN 6100 DRC 

Mass spectrum of the ICP gas background. The mass region 39.5 – 41.5 amu is omitted because of too high signals from 
the Ar  and ArH  ions. Ion signals present in the gas blank are caused by impurities in the gas (H, C, N, O, Kr, Xe) or 
memory effects (Na, Sn, Hg).  

40 + 40 +
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7.7. Acronyms and Abbreviations 
 a Mathieu Stability Parameter a  
 AFT Axial Field Technology™ 
 α Molecular Polarizability 
 amu Atomic Mass Unit 
 Å Angstrom 
 CID Collision Induced Dissociation 
 cm Centimeter 
 cp Heat Capacity at constant Pressure 
 cps Counts per Second 
 CPV Cell Path Voltage 
 CRO Cell Rod Offset 
 D Debye 
 DOI Degree of Ionization 
 DRC Dynamic Reaction Cell™ 
 ∆fH Enthalpy of Formation 
 ∆fS Entropy of Formation 
 ∆rG Free Energy of a Reaction 
 ∆rH Reaction Enthalpy 
 ∆rS Reaction Entropy 
 E Energy 
 e Electron Charge 
 ECOM Center of Mass Kinetic Energy 
 ELAB Laboratory-Frame Kinetic Energy 
 ε0 Permittivity of Free Space 
 ETH Eidgenössiche Technische Hochschule 
 eV Electron Volt 
 FTICRMS Fourier Transform Ion Cyclotron Resonance Mass Spectrometer 
 FWHM Full Width at Half Maximum 
 HRMS High Resolution Mass Spectrometer 
 Hz Hertz 
 I Electric Current 
 ICP Inductively Coupled Plasma 
 ICP-MS Inductively Coupled Plasma Mass Spectrometer 
 IE Ionization Energy 
 IEC Interference Equivalent Concentration 
 IR Infra-red 
 ITMS Ion Trap Mass Spectrometer 
 J Joule 
 k Reaction Rate Constant 
 KED Kinetic Energy Discrimination 
 l Liter 
 LA Laser Ablation 
 LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass Spectrometry 
 m Mass 
 m/z Mass to Charge Ratio 
 m/∆m Mass Resolving Power 
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 mbar Millibar  
 mg Milligram 
 MHz Megahertz 
 min Minute 
 MS Mass Spectrometer 
 ms Millisecond 
 µ Reduced Mass 
 µg Microgram 
 µm Micrometer 
 Nd:YAG Neodymium-doped Yttrium Aluminum Garnet 
 ng Nanogram 
 NIST National Institute of Science and Technology 
 nm Nanometer 
 ns Nanosecond 
 Pa Pascal 
 PFA Perfluoroalkoxy polymer 
 pg picogramm 
 PTFE Polytetrafluoroethylene 
 q Mathieu Stability Parameter q 
 q charge unit 
 QMS Quadrupole Mass Spectrometer 
 QRO Quadrupole Rod Offset 
 r Radius 
 Rf Radio Frequency 
 RPa Rejection Parameter a 
 RPq Rejection Parameter q 
 RSD Relative Standard Deviation 
 SBR Signal to Background Ratio 
 SD Standard Deviation 
 sec Second 
 SEM Secondary Electron Multiplier 
 SFMS Sector-Field Mass Spectrometer 
 σ Collision Cross Section 
 SRM Standard Reference Material 
 T Absolute Temperature 
 TOFMS Time of Flight Mass Spectrometer 
 UV Ultra-violet 
 V Volts 
 v Velocity 
 ω Angular Frequency 
 W Watts 
 wt% Weight-% 
 z Charge Number 
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