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This research focuses on the use of electrothermal vaporization (ETV) as a sample 

introduction source to an inductively coupled plasma mass spectrometer (ICPMS) and the 

ability to perform multi-metal analyses.  The ETV produces skewed Gaussian shaped 

signals that are typically 1-3 s in duration.  The short signal duration can adversely affect 

precision and accuracy when attempting quantitative analysis on many elements or, in the 

extreme, when conducting full mass scans (2-260 amu) with a quadrupole scanning mass 

analyzer.  Therefore, a novel peak broaden device was designed to convert the typical 

ETV signal to a variable length square wave signal, which achieved analyte precisions of 

< 10% while monitoring 248 masses on a conventional quadrupole mass analyzer.   

Although quadrupoles have generally been the mass analyzer of choice in ICPMS, 

the coupling of an ETV to a recently purchased GBC Optimass 8000 inductively coupled 

plasma time-of-flight mass spectrometer ICP(TOF)MS was investigated.  The TOFMS, 

unlike the quadrupole, offers the ability to monitor one or many masses without altering 
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the duty cycle.  While a complete spectrum is gathered in ca. 30 µs, several spectra are 

accumulated to improve the S/N ratio.  The rapid data collection technique abrogates the 

need for peak broadening devices when using the ETV.  The GBC Optimass 8000 

exhibited low picogram detection limits, high isotopic precision and a linear dynamic 

range of 3-4 orders of magnitude with combination of ion and analog counting modes.  In 

the course of interfacing the ETV to the ICP(TOF)MS, the use of a dry plasma produced 

an electrical discharge between the 1st and 2nd skimmer cones in the GBC Optimass 8000.  

The nature of this discharge was explored.  The discharge was found to cause a loss in 

analyte sensitivity, 2nd skimmer cone sputtering, and eventual loss of 2nd skimmer voltage 

adjustment.  The discharge was alleviated by reducing the r.f. power to 700 W when 

using 1.2 L/min central channel gas flow rate with ETV sample introduction.   

Although the ICPMS is a sensitive technique in determining trace metals, it can 

be highly susceptible to “matrix effects” when large concentrations of concomitant 

elements are present in the sample matrix.  The utility of a mixed Ar-N2 plasma was 

investigated with ETV-ICP(TOF)MS.  The mixed gas plasma was shown to minimize 

analyte suppression at the expense of 83% loss in analyte sensitivity.  The immunity to 

concomitant elements was attributed to reduced space charge effects in the mass analyzer 

when the ion introduction rate was lowered as a result of the use of either the mixed gas 

plasma or altering the sample cone-to-plasma distance for the Ar plasma.
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Chapter 1: Introduction 

1.1 ELECTROTHERMAL VAPORIZATION INDUCTIVELY COUPLED PLASMA MASS 
SPECTROMETRY  

1.1.1 Background on electrothermal vaporization 

The technique of generating gaseous analyte vapor by electrothermal vaporization 

(ETV) for analytical atomic spectroscopy was first introduced by L’vov in 1959 [1].  The 

generation and detection of this analyte vapor is commonly referred to today as “graphite 

furnace atomic absorption spectroscopy”, GFAAS, or more correctly, it is referred to as 

“electrothermal atomization”, ETA, because of its function to produce free gaseous 

atoms.  In short, ETVs contain ETAs as a subset which must produce free atoms of the 

analyte.  ETVs exist in many forms (e.g., cups, rods, tubes, filaments, and ribbons) and 

have been constructed from a variety of materials, including graphite and high melting 

metals (e.g., Ta, Re, Pt, etc.).[2] 

Due to their success in GFAAS, graphite tube-type furnaces are typically chosen 

for ETVs.  Figure 1.1 shows a representation of an “end-on” streaming graphite tube-type 

furnace ETV.  The graphite tube can be resistively heated to over 3000˚C by an 

externally programmable power supply, which is capable of delivering a maximum 

power of a few kilowatts.  Although not shown, a water-cooled metal workhead 

surrounds the entire assembly; and an inert gas (e.g., Ar), commonly referred to as a 

sheath gas, is supplied around the outside of the furnace to protect it from oxidation as 

temperatures exceed ~1,000˚C.  In addition, an Ar “carrier” gas stream of 1-1.2 L/min is 

supplied through the furnace for sample transport to the inductively coupled plasma 

(ICP).  A dosing hole plug is used to seal the sample introduction hole in the graphite 

tube prior to sample vaporization. 
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To ICPAr 1- 1.2 L/min

Graphite rod
dosing hole plug

2.5 cm

220 V, 15A
 

Figure 1.1 Representation of an “end-on” streaming graphite tube-type furnace ETV.  
The graphite tube can be resistively heated as high as 3000˚C at a maximum 
rate of ~2,000˚C/s by an externally controlled power supply.  A typical 1-3 s 
transient signal is generated from the ETV to the ICP following a rapid 
heating ramp coupled with an Ar carrier gas flow rate of ~1 L/min. 

1.1.1.1 Principals of operation of an electrothermal vaporizer 

The main function of an electrothermal vaporizer is to create a transportable 

analyte from the starting sample material, which can be in the form of a liquid, slurry, or 

solid.  A typical heating program usually consists of a drying stage, pyrolysis stage, 

vaporization stage, cooling stage and an optional cleaning stage as shown in Figure 1.2.   
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Figure 1.2 Typical ETV temperature program. 

The drying stage is used to evaporate aqueous and volatile organic solvents from 

the sample.  This stage is set around 100-300˚C and is carried out in a gentle manner to 

avoid splattering of the sample, which can lead to poor precision.  The pyrolysis stage 

(sometimes referred to as an ash, char or thermal pretreatment) can vary anywhere from 

100-1800˚C and is responsible for the removal of any unwanted matrix components as 

well as possibly converting the analyte to a chemical form that may be more easily 

volatilized during the vaporization stage.   

The dosing hole is normally open during both the dry and pyrolysis stages to 

prevent plasma extinction by a potentially heavy influx of volatilized solvent or matrix.  

The vaporization stage can be set to a maximum ~3,000˚C and is accomplished in many 

cases using a steep temperature ramp (ca. 2,000˚C /s) with the dosing hole sealed.  The 

vaporized analyte generally forms submicron diameter aerosol particles [3], which travel 
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from the ETV to ICP.  A cooling stage follows vaporization and cleaning to bring the 

furnace back down to ambient temperature.  The cleaning stage is sometimes inserted to 

ensure removal of any refractory components that may have been left behind after the 

vaporization stage.  This final step minimizes carryover.  

1.1.2 Inductively Coupled Plasma Mass Spectrometry 

Since its commercialization in the early 1980’s, ICPMS has become one of the 

most popular techniques for conducting trace and ultra-trace elemental analysis today.  

The technique exhibits excellent limits of detection, high sensitivity, full elemental 

coverage (including isotopic information), and is free of most interferences.  It can often 

provide a linear dynamic range of nearly eight orders of magnitude through use of 

combined pulse counting and analog detection modes.  The range of detectibility overlaps 

that of GFAA and ICP atomic emission spectroscopy (ICPAES).[2]  In general, most 

ICPMS systems can be broken down into two halves: ion source and mass spectrometer.  

The source (i.e., ICP) is responsible for sample vaporization, atomization and ionization 

while the mass spectrometer separates and detects analyte ions.    

1.1.2.1 Characteristics and formation of an atmospheric-pressure inductively coupled 
plasma  

Atmospheric-pressure ICPs have been used in analytical atomic spectroscopy 

since the 1960’s.  For the most part, these plasmas utilized Ar as the sole support gas.  

Atmospheric-pressure ICPs exhibit many advantageous characteristics such as good 

stability, high plasma gas temperature (4,500-8,000 K), high electron temperature (8,000-

10,000K), high electron density (1-3 x 1015 cm-3), and a chemically inert environment 

with a limited number of background species.[2]   
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The plasma is formed within a torch assembly as shown in Figure 1.3.  The torch 

is composed of three concentric quartz cylinders, each of which has an independently 

controlled Ar gas supply.   

Plasma Gas
Auxiliary Gas

Carrier gas

Induction coil

Sampling cone

Skimmer cone

 

Figure 1.3 Sketch of ICP torch and water-cooled induction coil positioned in front of the 
mass spectrometer interface. 

The plasma gas flows at approximately 10-15 L/min and is the main gas supply 

for plasma formation, while the auxiliary gas (1-1.5 L/min) controls the position of the 

base of the plasma with respect to the auxiliary and injector gas tubes.  Both plasma and 

auxiliary gases are introduced tangentially into the quartz torch to prevent melting of the 

quartz torch.  A water-cooled induction coil located near the top of the torch is connected 

to a radio-frequency (r.f.) generator.  The combination of the r.f. generator and induction 

coil serve to generate an oscillating magnetic field, which induces a current in the Ar gas 

stream once seed electrons and ions are formed.  A Telsa coil is generally used to initiate 

the plasma by creating the seed electrons in the flowing Ar gas.  These electrons are 

subsequently accelerated in the oscillating magnetic field and collide with neutral Ar 
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atoms to produce Ar+ and secondary electrons.  The process of secondary ionization 

proceeds to an avalanche breakdown of the gas and the formation of a plasma.  After the 

plasma has been established, Ar is introduced through the injector tube at a flow rate of 

about 1 L/min to produce a thermal hole in the center of the plasma fireball, giving the 

plasma a toroidal shape when viewed in cross section.  This carrier gas is responsible for 

transporting the sample into the plasma from the sample introduction source (i.e., ETV, 

nebulizer, laser ablation system, etc).    

1.1.2.2 Fundamentals of mass spectrometry associated with using an atmosphere-
pressure inductively coupled plasma as an ion source   

The high temperature in the ICP is sufficient to ionize most elements in the 

periodic table with an ionization efficiency generally  > 90%.[4]  It is this “hard 

ionization” character that makes interfacing an ICP to a mass spectrometer such a logical 

coupling for elemental analysis. 

Sampling and skimmer cones as seen in Figure 1.3 facilitate the transmission of 

ions from the atmospheric pressure ICP to the mass analyzer with vacuum pressures of 

around 10-6 Torr.  The cones are typically made of nickel or platinum with a center hole 

of ~1 mm diameter.  The pressure behind the sampling cone is typically about 1-3 Torr, 

while the pressure behind the skimmer is approximately 10-6 Torr. 

It has been suggested that the plasma flows adiabatically through the sampling 

cone in the form of a supersonic jet.[5]  The skimmer cone further extracts a fraction of 

this plasma penetrating through the sampling cone.  Once through the skimmer cone, a 

stack of electro-static lenses will preferentially extract and maintain the entering ions in 

the form of an ion beam that will be directed into a mass analyzer.  Depending on the lens 

design, they are often rerouted in a curved pattern and, for example, use a centered 

photon stop to minimize light triggering of the detector, i.e., the lenses do NOT maintain 
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a molecular beam.  Furthermore, positive or negative charged ions can be selected 

depending on lens potentials.  In general, ion lenses are set to acquire only positively 

charged ions. 

Mass-to-charge (m/z) separation in the mass analyzer can be accomplished in a 

variety of ways.  Three commonly used analyzers are the quadrupole, time-of-flight and 

magnetic sector.  A cursory description of quadrupole and time-of-flight mass analyzers 

will be given since they were the analyzers used in the current studies.  

The quadrupole is the most commonly used mass analyzer due to its reasonable 

m/z scanning speed, ruggedness and low cost.  A quadrupole is a sequential scanning 

mass analyzer where ions of a given m/z ratio are selected by the operator by changing 

the r.f. and dc voltages applied to the quadrupole rods using system software controls.  

All m/z ratios that were not selected will have unstable trajectories and not make it 

through the exit aperture.  A more detailed description of quadrupole mass filters that are 

typical to ICPMS instruments can be found elsewhere.[6]  

The time-of-flight analyzer is a pseudo-simultaneous detection type device as 

opposed to a sequential scanning analyzer.  A time-of-flight analyzer can accomplish a 

full mass spectrum (2-260 amu) in approximately 30 µs.  In this technique, ions are 

subjected to a pulsed electric field which, ideally, imparts the same kinetic energy (KE) 

on all ions in the packet.  These ions are then directed to a field free region (i.e., drift 

tube) where the differences in velocities spatially separate ions of differing m/z. The KE 

attained by each ion will be product of the ion’s charge (q), the electric field (E), and the 

distance (sa) under which the ion is subject to the electric field.  This expression can be 

equated to the expression for KE based on ion mass (m), and ion velocity (v) to yield:  

 

                                         
2

2
1 mvEqsa =                                                 (1) 



 8

Rearranging Eqn. 1, the time for an ion to traverse the drift tube, td, can be 

determined by Eqn. 2: 

 

                                              a
d qEs

mDt
2

=
                                                  (2) 

where D is the distance traversed before striking the detector.   

ICP(TOF)MS instruments are commercially available with orthogonal or axial ion 

accelerators.  In orthogonal acceleration ICP(TOF)MS, the flight tube is positioned at 

right angles to the incoming ion beam; while in axial acceleration ICP(TOF)MS, the 

flight tube is in the same axis as the incoming ion beam.  Simplified schematic diagrams 

of both geometries are shown in Figure 1.4.  Both techniques have advantages and 

disadvantages which been discussed in numerous publications.[7-9] 
 

 

Figure 1.3 Schematic diagrams of an orthogonal acceleration (a) and an axial acceleration 
(b) ICP(TOF)MS. 
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Ion detection is accomplished by the use of charge sensitive devices (e.g., discrete 

dynode electron multiplier, channeltron, etc), while data acquisition can be performed in 

either ion counting or analog mode depending on the ion flux and the method employed 

to process the detected signal. 

1.1.3 Advantages of ETV sample introduction 

The ETV allows for the analysis of discrete sample volumes (~0-50 µL) and 

complex sample matrices (e.g., organics, high-salt samples, solids, slurries, etc).  The 

ETV produces a dry, transportable aerosol, which minimizes the background contribution 

from many polyatomic species formed from an aqueous solvent such as ArO+, ArH+ and 

OH+.  Similarly, heating stages can often be used to prevolatilize unwanted matrix 

species that would otherwise produce polyatomic species if sample nebulization were 

employed.  This includes a host of acids or dissolved salts that might impact analytical 

results.  As an example, it is very beneficial to remove chlorine if HCl or a chloride salt is 

present in order to minimize 75ArCl+, which is an isobaric interferent for the 

monoisotopic element 75As.  Also, the ETV can serve as a thermochemical reactor for the 

in situ pretreatment of samples.  As an example, the GFAAS literature contains 

discussions of chemical modifiers (e.g., Pd) that can be introduced with samples in an 

ETV to stabilize analytes of interest; thereby allowing selective prevolatilization of 

unwanted matrix components prior to analyte vaporization.  The ETV’s thermal ramp 

also has the ability to temporally separate isobars such as 113Cd and 113In, which would 

require a resolving power of 332,000 if these isotopes were to be separated in the mass 

analyzer.[10]  Finally, sample transport for conventional pneumatic nebulization using a 

spray chamber is only 1-2% efficient while ETV sample transport efficiencies are 

estimated between 25-35% [11, 12].  The increase in sample transport results in lower 

limits of detection for a given volume of sample.   
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Novel ETV Applications 

 Several extensive reviews containing ETV-ICPMS applications have been 

published in the last decade.[13-15]  In one specific application, Gregoire [13] analyzed 

rare earth elements, U, and Th at ng/g concentrations in zircons.  Zircons are of interest to 

geologists in identifying the source of sedimentary rocks.  Vanhaeke studied Se-

containing proteins after separation via sodium dodecylsulphate polyacrylamide gel 

electrophoresis (SDS-PAGE).  The use of ETV-ICPMS after a separation technique such 

as SDS-PAGE can be a valuable tool for further protein identification; especially if, 

proteins vary in metal content.   Many novel applications such as the two cited exist and 

are extremely powerful when small sample quantities are present and minimal sample 

preparation is desired.   

1.1.4 Coupling of an ETV to an ICPMS 

In this thesis, a modified Varian Graphite Tube Atomizer-95 was used as an ETV.  

A cross sectional view of the Varian GTA-95 is shown in Figure 1.4.  Quartz window 

assemblies were removed and all associated gas entrance ports were plugged to ensure Ar 

gas would only be directed through the tube furnace to the ICP once the sample dosing 

hole was sealed by a pneumatically operated dosing hole plug.   
 



 11

 

Figure 1.4 Tapered, spring-loaded stainless steel adapters were mounted inside the old 
quartz window housings. Old gas entrance ports, necessary for GTA 
operation, were either welded shut or plugged to create a gas tight design.  
Also, a 2 mm hole was drilled through the cooling block and graphite 
shroud in order to supply Ar gas directly around the furnace.  Finally, a 
graphite rod attached to a pneumatic linear actuator, originally designed for 
a PE MS600 ETV system, was used to plug the dosing hole. 

Tapered, spring-loaded stainless steel adapters, shown in Figure 1.4, replaced the 

GTA-95 quartz window assemblies.  The springs hold the adapters tightly in place 

against the end cones of the ETV to ensure that a tight seal is maintained during heating 

and cooling stages.  Ar gas connections to and from the ETV were completed with 

Tygon® tubing.  Tubing lengths of 50-100 cm are typically used between the ETV outlet 

and ICP torch.  Furthermore, a hole of about 2 mm is drilled into the side of the cooling 
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block and graphite shroud, so Ar gas is supplied outside the tube to prevent rapid 

oxidation of the graphite. 

1.2 IMPROVING MULTI-ELEMENTAL ANALYSES AND IMMUNITY TO MATRIX 
INTERFERENCES WHEN USING ETV-ICPMS  

As previously mentioned, ETV-ICPMS offers many unique advantages that 

cannot be accomplished using conventional solution nebulization.  However, the 

technique has not been widely embraced and, as a result, is not currently marketed as a 

“standard accessory” by manufacturers.  Two concerns that typically arise when 

discussing ETV as an introduction option are the transient nature of the signal (i.e., 1-3 s 

duration) and the impact of “matrix effects” on analytical accuracy.  

Chapter 2 focuses on improving the capability of ETV for conducting multi-

elemental analysis with optimal accuracy and precision as well as improving isotopic 

precision when using a quadrupole mass analyzer. Chapters 3 and 4 address problems 

associated with interfacing an ETV with a recently purchased GBC Optimass 8000 

ICP(TOF)MS.  Characteristics of the final system are also presented in these chapters. 

Chapter 5 focuses on the potential utility of using a mixed gas Ar-N2 plasma with ETV-

ICP(TOF)MS to minimize matrix effects caused by transient introduction of concomitant 

species from the ETV.  Chapter 6 summarizes ETV-ICPMS as an analytical technique 

and future possibilities.   

The following sections provide brief summaries of the problems mentioned above 

as well as brief overviews of the work completed in each of the chapters in this thesis. 

1.2.1 ETV signal profile and its role in limiting multi-elemental analysis   

The ETV produces a 1-3 s transient signal that generally exhibits a time 

dependent profile of a skewed Gaussian.  The transient character of the signal can 

negatively impact analyte precision when conducting multi-elemental analyses with a 
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sequential scanning mass spectrometer (e.g., quadrupole).  Initially, it was assumed that 

only a maximum of 5-10 masses could be monitored on a single ETV transient if signal 

profile integrity and acceptable precisions (i.e., 5-15%) were to be realized.[13, 16]  

Assuming a 1 s transient with a dwell time of 1 ms per mass, 100 data points will be 

collected per mass if 10 masses are monitored.  The fraction of time spent monitoring a 

given mass is referred to as the duty cycle and will be 10% in the case of 10 masses.  In 

reality, the duty cycle is much lower due to additional instrumental delay times between 

masses which will be discussed in chapter 2.  As a first approximation (i.e., ignoring 

amplifier settling times and flyback times), the duty cycle is inversely proportional to the 

number of masses monitored.  Even though the duty cycle drops off quite rapidly with 

additional masses, recent papers by Resano et al. [17] and Venable and Holcombe [18] 

have shown that over 20 masses, with as few as three to five data points per mass, could 

be collected on a single ETV transient while maintaining the signal area integrity and 

acceptable precision.   

Interestingly, the duty cycle can be increased for a given number of analytes if the 

transient is simply broadened.  Peak broadening allows for less frequent sampling (i.e., 

less data points) of the transient signal based on the Nyquist theorem [19] if the shape of 

the signal is of interest.  Similarly, error analysis and experimental verification has 

demonstrated that peak area can be reproduced with the same precision for a larger 

number of monitored masses if a broader signal is employed.[18]  In that study it was 

assumed that the background signal/counts were not a significant contributor to the noise 

level.  By reducing the number of scans required across the transient, the dwell time per 

mass can be increased because less temporal overhead will be used for instrumental time 

delays when no signal is being measured.  This was demonstrated for an ETV transient 

by broadening the signal with a single bead string reactor (SBSR) [18] and a transient 
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extension (TEx) flask [20].  A SBSR is a short length of tubing (35 cm long x 1 cm i.d.) 

packed with 4 mm glass beads, which was initially published for use with laser 

ablation.[21]  The TEx flask is a round bottom flask whose cap contains both an inlet and 

outlet port.  Both devices are placed in-line between the ETV and ICPMS.   

Although the SBSR and the TEx flask proved effective in allowing more masses 

to be monitored, they still produced time varying transient signals and required a 

minimum number of data points to ensure integrity of the signal area.  In chapter 2, a 

device was designed to convert the typically skewed Gaussian shaped signal from the 

ETV to square wave signal.  By producing a steady state signal across the breadth of the 

transient, the duty cycle was optimized because multiple measurements for each 

monitored mass across the transient are not required.  The system was evaluated by 

conducting quantitative, full mass scans and comparing the results with those obtained 

from normal ETV signals (i.e., 1-3 s half widths) and SBSR-broadened ETV signals (i.e., 

4-6 s half widths).   

1.2.2 Inductively coupled plasma time-of-flight mass spectrometer 

The use of transient signal broadening devices like the square wave generator 

increased the number of masses that could be quantified with a sequential scanning mass 

spectrometer; however, the use of a time-of-flight mass spectrometer (TOFMS) 

circumvents the need for transient signal broadening due to the high speed of data 

acquisition.  In short, TOFMS does not suffer losses in duty cycle as more masses are 

monitored.  In fact, the duty cycle is constant regardless of the number of masses 

monitored, and it is typically calculated between 10-20%.  Due to its pseudo-

simultaneous ion detection, the TOF eliminates errors caused by spectral skewing which 

can occur when monitoring isotopes during a short duration transient.[22]  
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Chapters 3 and 4 discuss initial investigations of coupling an ETV to a 

commercially available ICP(TOF)MS (GBC Optimass 8000, GBC Scientific).  In the 

course of coupling the ETV to the GBC Optimass 8000, an unforeseen electrical 

discharge was discovered in the interface between the 1st and 2nd skimmer cones which 

did not appear when a nebulizer was used, i.e., a “wet plasma”.  Discharges involving the 

plasma and mass spectrometer interface are commonly referred to as “secondary 

discharges”.  The discharge caused significant losses in analyte sensitivity, 2nd skimmer 

cone damage, and loss of 2nd skimmer cone voltage adjustment.  The discharge was 

eliminated by using power levels and gas flows that are normally associated with “cold 

plasma conditions” when a nebulizer is used for sample introduction, e.g.,  600-700 W 

and 1.0- 1.4 L/min central gas channel flow rates [5].  Chapter 3 discusses in greater 

detail the diagnosis of this discharge and corrections made to eliminate the problem. 

Chapter 4 highlights the figures of merit (e.g., detection limits, linear dynamic 

range, precision, etc.) attained with the combination of the ETV and ICP(TOF).  

1.2.3 Matrix effects and the use of an Ar-N2 mixed gas plasma   

Matrix effects can be categorized in two ways in ICPMS: spectral interferences 

and nonspectral interferences.  Both types of interferences can affect analytical accuracy.  

Spectral interferences (i.e., isobaric matrix elements, plasma polyatomic background 

species, etc.) are sometimes classified as additive matrix effects; that is, they alter the 

intercept of the calibration curve.[23]  Nonspectral interferences (i.e., high concentration 

of concomitant element) are more complex because they are known to cause both 

enhancements and suppressions and are not directly related to a spectral component such 

as an isobar.[24-27]  Such interferences are sometimes referred as multiplicative matrix 

effects because they affect the slope of the calibration curve.[23]  The fundamental 

origins of inaccuracies can range from incomplete analyte vaporization/ionization in the 
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ICP to creation of space charge effects within the ion optics region.  Many of these 

causes are independent of the sample introduction approach used for the analysis. 

In ETV-ICPMS, however, the concomitant elements may also impact the 

transport efficiency of the analyte from the ETV to ICP.  Ediger and Beres [28] published 

one of the first detailed studies investigating the change in analyte sensitivity due to 

varying sample matrices with ETV-ICPMS.  In their study, they concluded that some 

concomitants in the sample acted to provide additional condensation sites to aid in more 

efficient particle formation and subsequent transport to the ICP (i.e., “physical carrier”).  

However, it is interesting to note that their data also showed depressions in the signals of 

the same analyte when different matrices were employed.  Thus, their paper strongly 

suggested signal alteration by a matrix, but the reason for the signal enhancement was not 

consistent with their reported observations.    

Many authors have estimated analyte transport efficiency with and without 

various concomitant elements from the ETV to the ICPMS, and the results for many of 

these were recently summarize by Ertas and Holcombe.[12]  Alterations in analyte 

transport efficiency, however, appear to account for only a fraction of the error that may 

result when a large amount of a concomitant is present.  Furthermore, large additions of 

concomitants have also been seen to cause signal suppression, which is inconsistent with 

the idea of a physical carrier.  There has been no definitive study to determine if the 

plasma and its instability when confronted with matrix laden samples may play some 

critical role in the signal enhancements/depressions using ETV sample introduction.   

Because of the short transient signals (i.e., 1-3 s) caused by electrothermal vaporization, a 

relatively high density of analyte and matrix can be introduced to the plasma.  In fact, 

comparing a conservative ETV delivery (20 µL sample, 1 s signal with 20% transport 

efficiency) with a nebulizer (1 mL/min delivery at 1% efficiency) shows that at least 20 
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fold more matrix and sample is delivered per second using the ETV, excluding solvent 

introduction by a nebulizer.  This high sample introduction rate, itself, may be a 

significant source of apparent “ETV matrix effects” since analyte transport efficiency 

studies cannot account for all effects cause by the addition of concomitant elements.   

Previous studies using Ar-N2 plasma systems with nebulizer-based sample 

introduction systems have suggested the existence of many advantageous characteristics 

compared to typical Ar plasmas: increased plasma stability under heavy matrix 

conditions [29-32], higher plasma temperatures [33-36] and higher electron densities 

when adding approximately 2-20% N2 to the outer plasma gas flow [33].  Therefore, by 

taking advantage of the suggested properties of Ar-N2 plasmas using solution 

nebulization, some of the short comings of using and ETV and a dry plasma may be 

overcome.  In initiating this project, it was postulated that many inaccuracies associated 

with the ETV may be attributable to stability of the plasma conditions when a large plug 

of matrix is injected into the ICP.  Previous studies – although not with a dry plasma or 

with use of ETV – suggest that added N2 may improve plasma stability.  If, in the limit, 

analyte signal strength could be measured independent of the matrix composition, then 

sample preparation and data reduction (e.g., need for standard additions methodology) 

may be eliminated.     

In chapter 5, the performance of an Ar-N2 mixed gas plasma was compared to an 

Ar plasma using ETV as a sample introduction source to a ICP(TOF)MS.  The effect of 

matrix modifiers NaNO3 and Pd(NO3)2 on a mutli-element solution was investigated in 

mass amounts ranging from 0.1 to 5 µg of the metal in the modifier.  The addition of 2% 

N2 to the plasma gas of an Ar plasma reduced signal suppressions observed in the 

presence of high concentrations of Na and Pd at the expense of a large reduction (ca. 

83%) in analyte sensitivity.  Signal profiles indicate that suppression may be caused, in 
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part, by space charge effects that are dependent on the ion density of analyte and matrix 

ions.  By reducing the magnitude of the signal from the N2 – free plasma by repositioning 

the torch away from the sampling cone, comparable immunity to excess matrix was 

observed when compared to a plasma with N2 included in the plasma gas. 

1.2.4 Conclusions  

Chapter 6 summarizes the current status of ETV-ICPMS and provides opinions on 

future directions that may validate the utility of this approach in a broader range of 

analytical applications.  
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    Chapter 2: Generation of a Square Wave Inductively Coupled 
Plasma Scanning Mass Spectrometry Signal Using Electrothermal 

Vaporization Sample Introduction 

2.1 INTRODUCTION 

The coupling of electrothermal vaporization (ETV) with an inductively coupled 

plasma mass spectrometer (ICPMS) provides the benefits of analyzing microsamples, 

slurries, solids, and samples with complex matrices.  The signals generated by the ETV 

are transient in nature, lasting approximately 1-3 s.  Because of this rapid transient event, 

quantitative full mass scans are nearly impossible with sequential scanning spectrometers 

(e.g., quadrupole).  In order to perform quantitative full mass scans with acceptable 

precisions (e.g.,  < 10%) on a typical ETV firing, the sampling rate must be high enough 

to define the transient peak, but low enough to acquire an acceptable number of counts.  

Recent papers have addressed this issue in greater detail.[1-3]  The balance necessary in 

selecting the sampling rate is further complicated if the temporal location of the signal 

relative to that of data collection is not reproducible.[3] 

It has previously been shown that the transient signal could be lengthened 

significantly through the use of either a single bead string reactor (SBSR) [4] or a 

transient extension (TEx) flask [5].  A SBSR is simply a short length of tubing (35 cm 

long x 1 cm i.d.) packed with 4 mm glass beads and placed in-line between an aerosol-

generating source and the ICPMS.  Moenke-Blankenburg and coworkers [4] broadened 

the signals for a single laser ablation event up to 5 s using a SBSR.  One potential 

advantage of using the SBSR is the production of turbulent flow, which creates more 

Gaussian-shaped signal profiles, as opposed to the exponentially decaying signal from the 

TEx flask.  A Gaussian signal can be sampled less frequently than a comparably wide, 

skewed Gaussian signal because signals containing higher frequency components (e.g., 
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sharp rising or falling edges) must be sampled at a faster rate than those containing lower 

frequency components.[3] 

 Langer et al. [5] manipulated the signal shape by placing the TEx flask (100 mL 

round bottom flask) in-line between the ETV and ICPMS to promote the multi-element 

analysis capabilities of ETV-ICPMS by stretching the ETV signal to nearly 20 s and thus 

were able to perform a full mass scan on a single ETV firing.  While the SBSR and TEx 

flask allow for a slower sampling rate and the possibility of full mass scans, the signal 

magnitude still changes with time so multiple scans over a single waveform are required 

if quantitative analysis is to be conducted.  

Changing the shape of the ETV transient signal into a longer duration square 

wave avoids this requirement because the signal intensity remains constant over the life 

of the transient.  Thus, multiple sequential scans are not required to account for a 

continually changing signal, and the duty cycle is maximized by performing only one 

scan.  The duty cycle is maximized because the fixed temporal overhead paid on each 

scan (i.e., jump and flyback time) is only experienced once, as can be seen in eqn. 1:[3] 
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where mn  is the number of masses being monitored and dt , st , jt and ft are the dwell, 

scan, jump (amplifier settling time between masses) and fly-back times, respectively.  

Maximizing the duty cycle also maximizes the total number of counts that can be 

acquired because longer dwell times can be used at the expense of fewer jumps and 

flybacks.  This is especially important in situations where a large number of masses are 



 23

monitored (e.g., full mass scans) and/or relatively low concentrations are used, due to the 

dependence of statistical noise (e.g., shot noise) on the total number of accumulated 
counts ( ectorbackgroundanalyteN NNN det++=σ ).[6, 7]  In other words, a greater number of 

counts collected (N) per m/z provides improved precision, assuming counting statistics is 

a limiting factor.  It is important to note that statistical noise is proportional to the square 

root of the sum of the counts collected for the analyte, background, and that of the 

detector.  Therefore, it is possible for an adverse effect to occur if the background and/or 

detector shot noise were extremely high with respect to the analyte signal and the same 

signal magnitude were stretched over a longer period of time, (i.e., S/N would decrease 

by increasing the signal duration).  

 Resano et al. [2] clearly demonstrated the possibilities for multiple mass 

monitoring with respect to precision, sensitivity, and detection limits of a transient event.  

More recently, Venable et al. [3] quantitatively addressed the precision and sensitivity 

issues associated with attempting quantitative measurements with a sequential scanning 

ETV-ICPMS system.  From their analysis, it is clear that optimal sensitivity (e.g., 

maximum duty cycle) results from the longest scan time, which implies the smallest 

number of scans within the total measurement time.  This is most easily achieved if the 

signal magnitude is constant with time and, in the limit, a single scan can be used.  This 

can be approximated if the transient waveform is a square wave. 

2.2 EXPERIMENTAL 

2.2.1 Reagents 

A stock 200 ppb multi-elemental solution was made fresh daily from a 10 ppm 

multi-element standard (Solutions Plus Inc., MO) and commercially available single 

element standards.  Appropriate serial dilutions were then made to create 50 and 100 ppb 
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stock solutions.  The final multi-element solution was composed of the following 

elements: Ag, Ba, Be, Bi, Ce, Cd, Co, Cu, Eu, Er, In, Li, Mg, Mn, Ni, Pb, Rb, Ru, Sr, Tl, 

Y, and Zn.  The stock solutions were diluted to final volume with 1% HNO3 made from 

70%, redistilled to 99.999% ultra-trace grade HNO3 (Aldrich, Milwaukee, WI).  High 

purity Ar was used for the plasma and carrier gases (Praxair Inc., Austin, TX). 

2.2.2 Instrumentation 

Two different ICPMS systems were used in this study; a Varian Ultramass and a 

Perkin-Elmer Elan 500 (with Elan 5000 software upgrade).  The purpose of using the   

two systems was two fold:  1) it ensured the versatility of square wave generator with 

respect to different ICPMS systems and 2) the Perkin-Elmer is unable to achieve dwell 

times under 1 ms, which was deemed necessary to perform quantitative analysis of the 

SBSR broadened and normal ETV signals.  Sample introduction was performed using a 

modified Varian GTA-95 electrothermal atomizer, which has been previously 

described.[5]  Sample volumes of 20 µL were delivered to the ETV by a Varian ASD-53 

autosampler.  After sample introduction, the GTA-95 triggered a pneumatically actuated 

dosing hole plug.  The temperature program used for the ETV is shown in Table 2.1. 

Table 2.1 Varian GTA-95 temperature program  

Program 
Step 

Temp. (˚C) Ramp 
Time (s) 

Hold 
Time (s) 

1 ~90 10 0 
2 200 15 10 
3 3000 1 5 
4 ~50 14 0 

 

Figure 2.1 shows an overall view of the square wave generation device that was 

placed in-line between the ETV and ICPMS system.  The square wave generator is 

centered around a stainless steel cylinder (3.53 cm i.d., 4.20 cm o.d., 12.95 cm length).  
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The total cylinder operating volume with the piston and piston shafts taken into account 

is 97 cm3.  Figure 2.2 shows a closer view of the piston and end cap design.  The Delrin 

piston achieves a seal with the cylinder using two o-rings.  The piston is tapped to 

accommodate a threaded (0.64 cm x 20.32 cm) piston shaft from each side.  Furthermore, 

the piston is equipped with a spring-loaded copper plate on each side, which is held in 

place via locking clips on each piston shaft.   
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Figure 2.1 Schematic of square wave generation device detailing the major components: 
(a) 24V/4000 RPM DC motor  (Servo Systems Co., Montville, NJ) with 
10:1 gearbox, (b) variable 8-400 oz-in. slip clutch (PIC Design Co., 
Middlebury, CT), (c) 10 thread/in in-line linear actuator, (d) aluminum shaft 
mounting block, (e) piston and cylinder assembly, (f and g) two-way 
solenoid operated valves (Burkert, Irvine, CA), (h) pressure sensor 
(Honeywell Micro Switch, 164PC01D37), and (i) a 133 MHz Pentium 
computer containing a commercially available DIO card (National 
Instruments, PCI 6503) and software written in Labview. 
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Figure 2.2 Detail schematic of cylinder, piston, and end cap. 

The cylinder end caps are also made of Delrin® and o-ring sealed to the cylinder 

and piston shafts.  As can be seen from the side view, the end caps are fitted with 

electrical contacts (modified 1/8 NPT male brass pipe plugs), inlet and outlet fittings (1/4 

in. barb to 1/8 NPT fittings), and double o-rings in the center for the piston shaft.  The 

inlet fitting was retrofitted with a flow restriction plug (0.14 cm diameter hole).  The flow 

restrictor was placed in the inlet fitting to create turbulent flow for the influent gas as a 

means of encouraging good aerosol mixing within the cylinder.   

Another important design feature was incorporated into the end cap so that flow 

could be achieved from the inlet to outlet port when the piston had been driven to the end 
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of the cylinder.  There is a notch in the end cap that is needed to purge any remaining 

aerosol from the connecting tubing prior to loading the cylinder with the next sample; 

therefore, eliminating the possibility of a carryover effect.  The end of piston travel is 

determined when electrical contact between an end cap and a spring-loaded copper plate 

attached to the piston has been made.   

A slip clutch has been placed between the gearbox and in-line linear actuator to 

protect the reduction gears in the gearbox in case the piston is accidentally driven into the 

end of the cylinder.  A screw drive linear actuator containing 10 threads per inch was 

placed between the motor and cylinder assembly.  The minimum time required for the 

piston to traverse the length of the cylinder for the current motor is approximately 6 s and 

can be increased by reducing the motor speed.   

Two three-way solenoid-operated valves act to direct gas flow to the correct side 

of the cylinder while redirecting the discharge of the aerosol from the other side to the 

ICP.  A pressure sensor is positioned to measure the pressure at the outlet of the ETV.  

The sensor output is used to control the motor speed via the feedback circuit shown in 

Figure 2.3.  The output of the pressure sensor input is feed into an inverting op amp (IC1) 

and then compared with a reference voltage that is set using a variable 5kΩ resistor (R1) 

by summing amplifier (IC2).  Altering the set point of R1, changes the rate of gas/aerosol 

expulsion from the cylinder and alters the duration of the final square wave.  The output 

of IC2 controls the gate voltage of a power MOSFET, which in turn controls the amount 

of current flowing through the 24 VDC motor.  
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Figure 2.3 Pressure sensor feedback circuit with R1 (5kΩ variable resistor), R2 (100kΩ 
variable resistor), IC1 (MC1741), IC2 (MC1741), and 125W n-channel FET 
(NTE2397). 

The 100kΩ variable resistor (R2) was set to 25kΩ, which controls the rate at 

which the summing amplifier gives feedback to the MOSFET.  The pressure sensor has a 

response time of 1 ms and contains an on-board signal conditioning circuit to output a 

linear signal (1-5 V).  The pressure sensor has an operating range of 0-18.6 Torr and was 

used in the differential mode with one of its ports left open to atmosphere.  

2.2.3 Square Wave Generator Timing 

Referring to Figure 2.1, the system is initialized at the start by positioning both 

the inlet and outlet valves (f, g) to side A, as well as moving the piston to the end of 

travel on side A.  At this point, the dead volume at the end of side A is being purged by 

Ar through the end cap purge channel to the ICPMS system.  For ETV sample 
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introduction, valve g is positioned to block flow coming out of side A and connect side B 

to the ICP.  As a consequence, the piston moves towards side B and the aerosol is loaded.  

The piston continues to move until electrical contact between the piston’s copper plate 

and end cap of side B is made.  The time required to reach side B is flow rate dependant 

(i.e., the faster the flow rate the faster the speed).  The motor stops once it reaches side B 

and valve f repositions.  Thus, side A is now loaded with the sample aerosol from the 

ETV and the dead volume at the end of side B is being purged.  On the next ETV heating 

cycle, valve g is positioned to capture the sample aerosol from the ETV in side B as the 

motor moves towards side A.  While the next sample is being introduced into side B; the 

aerosol in side A is being sent to the ICP, thus producing a nearly square wave signal.   

2.2.4 Procedures 

Plasma and mass spectrometer conditions were tuned and optimized using a 

nebulizer and the 100 ppb stock solution mentioned previously.  Relevant plasma 

parameters are listed in Table 2.2.  A 20 µL sample aliquot of the 100 ppb multi-element 

solution was used with all ETV experiments unless otherwise noted.  This sample 

solution was introduced into the ETV and the vaporized aerosol captured by the cylinder.  

The total gas flow to the plasma was maintained at 1.2 L/min with the use of a makeup 

gas after the square wave generator.  
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Table 2.2 Plasma settings   

Instrument 
Parameter 

Varian 
Ultramass 
Setting 

Perkin-Elmer   
Model 500 
Setting 

Plasma Power 1.2 kW 1.1 kW 
Plasma Flow 13.0 L/min 15.0 L/min 
Auxiliary Flow 1.20 L/min 2.0 L/min 
Sampling Depth 7 mm 7 mm 

2.3 RESULTS AND DISCUSSION 

2.3.1 System Characterization 

2.3.1.1 Effect of flow rate on square wave generation 

Only 5 masses (59Co, 113In, 115In, 206Pb, and 208Pb) were monitored in this 

particular experiment in order to minimize the scan time so that the time-dependent shape 

of the signal waveform could be well defined.  Figure 2.4 shows the 115In square wave 

signals obtained using Ar flow rates through the ETV of 200, 400, and 800 mL/min.  All 

other metals tested exhibited similar results to 115In.  The shot-to-shot precision was ~5% 

or less for all flow rates tested, which is comparable to that seen for normal ETV firings 

and probably governed by precision of sample dosing.  The leading and trailing edges of 

the square wave are not sharp, most likely due to the effect of broadening caused by 

laminar flow in the transport tubing from the cylinder to the plasma.[8]  This results in a 

time varying signal at the beginning and end that cannot be used if a constant signal is 

required.  However, the intensity is fairly constant over the transient once the maximum 

is reached.  At the minimum flow rate of 200 mL/min, this constant intensity is 

maintained more than 16 s.   
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Figure 2.4 115In square wave signals obtained using ETV flow rates of 200, 400, and 
800 ml/min with the use of makeup gas flow to provide a constant 1.2 L/min 
gas flow to plasma. 

The signal duration at a carrier gas flow rate of 200 mL/min is at least 5 times that 

of a typical ETV signal obtained using a carrier gas flow rate of 1.2 L/min and twice as 

long as the time varying signal obtained using a 200 mL/min carrier gas flow rate without 

the square wave generator.  As expected, the average steady state signal intensity is 

directly proportional to the flow rate. 

2.3.1.2 Analyte Loss 

The extent of analyte loss either through settling in the cylinder or adsorption to 

the cylinder wall was determined by comparing the area under the curves for the ETV 

square wave signal after the aerosol was allowed to reside within the cylinder for times 

varying from 10 to 180 s before delivering the aerosol to the plasma.  Figure 2.5 shows 

the integrated signal observed as a function of aerosol retention time in the cylinder.    

 



 33

 

Figure 2.5 Loss in signal areas obtained from 20 µl injections of a 100 ppb multi-element 
solution as a function of retention time in cylinder.  

In comparison to the minimal hold time of 10 s, an analyte loss of 2-11% (n = 5 

firings) was observed after 180 s for the different metals monitored.  It is not clear what is 

responsible for the observed element-to-element variation.  The reduction in peak area at 

180 s cylinder hold time was significantly less than the 35 + 4% seen by Langer et al. [5] 

with the TEx flask using 120 s stop flow conditions.  Several reasons may be attributed to 

this difference.  First, the plasma system maybe less perturbed by the square wave 

generator (i.e., central channel flow is always maintained to the torch).  Secondly, the 

exact location of the particles in the TEx flask experiment is not known due to lack of a 

valving network; therefore, not all particles may be trapped in the round bottom flask.  

Based on the minimal losses, it can be inferred that the particles produced from the ETV 



 34

are aerodynamically small which is consistent with several previous studies, which 

concluded that most of the particles are significantly less than 100 nm in diameter.[8-11] 

2.3.2 Full mass scan with quantitative analysis 

In spite of recent papers to the contrary [2, 3], one of the biggest limitations cited 

for conventional ETV-ICPMS systems employing scanning mass spectrometers has been 

the inability to perform quantitative full mass scans on a single ETV firing.  However, by 

manipulating the ETV transient signal shape and duration, it is possible to use the 

sequential scanning, multi-element analysis capabilities of ICPMS systems to their full 

potential.  

 In order to document the benefits of signal manipulation of ETV transient 

signals, quantitative full mass scans were performed for a variety of signal shapes 

including a normal ETV signal, a broadened ETV signal using an SBSR, and the square 

wave signals discussed in this paper.  The broadened and normal ETV signals were 

collected to show the effect of the increased duty cycle obtained from the generation of 

square wave signal profiles.  It is important to note that the central channel flow rate was 

maintained at 1.2 L/min through the use of a make-up gas when using the square wave 

generator and SBSR.  The flow rate through the ETV was maintained at 400 mL/min for 

both the square wave generator and SBSR, with 800 mL/min used as the make-up gas to 

achieve 1.2 L/min.  The normal ETV signal was conducted at 1.2 L/min through the ETV 

to the torch, which is the typical flow rate employed for routine analyses.  In total, 248 

masses (nm = 248) were monitored for each experiment and the data were collected in 

peak-hopping mode.  Dwell times were 25, 0.60 and 0.125 ms for the square wave signal, 

the SBSR broadened ETV and the normal ETV signal, respectively.  Most importantly, 

only 5 to 6 full scans were collected over the transient signal for the SBSR broadened 

peak and only 2 to 3 full scans were collected for the normal ETV signal using the 
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aforementioned dwell times.  On the condition that 248 masses are to be monitored, dwell 

time selection, for the SBSR and normal ETV signals, was determined through eq 1.  In 

eq. 1, the number of masses (nm) is known (248), as are tf (20 ms) and tj (2.6 ms).  Scan 

times were based on the element with the smallest peak half width and peak width ratio to 

be quantified as that described by Venable et al. [3]  It is important to note that in the 

paper by Venable et al. [3] the number of masses to be monitored is the dependent 

variable and calculated with respect to a required precision.  In the present study, the 

number of masses is fixed at 248 and the scan time is calculated based on minimizing the 

error associated with variations in peak appearance times and data collection 

synchronization.  For the SBSR broadened signal, a scan time of 0.81 s ensured an error 

no larger than 2% would occur as a result of variations in peak appearance times and data 

collection synchronization.  However, an optimal scan time producing an error less than a 

maximum of 10% could not be achieved for the normal ETV signal due to quadrupole 

scanning limitations (i.e., the smallest dwell time achievable is 0.050 ms).  The difference 

in scan time incurred between a 0.050 ms dwell time to that of the 0.125 ms dwell time 

used was insignificant and at least 2 to 3 full scans were collected during the transient.  

Furthermore, the amount of actual counts collected in the transient would be reduced 

even further than that shown in Table 2.3.  A dwell time of 0.125 ms resulted in a total 

scan time for 248 masses of 0.69 s.  The square wave signal is constant and only one scan 

is required.  Therefore, a dwell time of 25 ms was chosen for 248 masses (i.e., one point 

per mass across the transient).  A dwell time of 25 ms was chosen for the square wave 

signal in order to produce a total scan time of 6.88 s, which ensured that only the flat 

portion of the square wave was sampled.   

In routine ETV analyses with a smaller number of monitored masses, the dwell 

times are generally not less than 1 ms, yielding 10 to 20 points per peak.  The number of 



 36

counts accumulated for a variety of masses and the associated precision for 5 replicates 

are shown in Table 2.3 for the analysis of a 50 ppb multi-element solution.  Although the 

total number of masses monitored was set at 248 (nm = 248), only those listed in the 

experimental section were quantified.  The other masses were monitored but since no 

significant amounts were present, no quantification was attempted.  As can be seen in 

Table 2.3, the total number of counts collected using a typical ETV transient signal is low 

and, thus, subject to large uncertainties due to statistical counting noise.  Error is further 

propagated by an insufficient amount of data points collected during the transient.[2, 3]  

By statistical analysis, the number of counts collected for the square wave signal was, on 

average, 60 times than the typical ETV signal.  The duty cycle for each mass using a 

normal ETV signal was calculated to be 0.02%.  However, SBSR broadened ETV signals 

yielded significantly more counts for most isotopes studied and %RSD values dropped to 

approximately 15%.  The enhanced precision values can be directly attributed to the 3.5 

fold increase in the duty cycle to 0.07% and the corresponding decreased significance of 

statistical noise.  Finally, the square wave generated signal resulted in approximately 

twice the number of counts of the SBSR broadened signal.  The duty cycle for the square 

wave generated signal was ~0.36% and yielded %RSD values of 10% or less for most 

metals.  Although the duty cycle for the square wave generator was about 5 times that of 

the SBSR, the average increase in registered counts were only about 2 times that of the 

SBSR. 
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Table 2.3 Comparison of total counts and precision between the square wave signal, the 
broadened ETV signal using a “single string bead reactor” (SBSR), and the 
normal ETV signal.  

Isotope 

Square 
Wave 

(Counts) 

Square 
Wave 
%RSD 

Broadened
ETV 

(Counts) 

Broadened
ETV  

%RSD 

Normal 
ETV 

(Counts) 

Normal 
ETV  

%RSD 
7Li 906 0.6% 379 10.3% 44 9.9% 
9Be 779 4.8% 486 3.3% 19 0.0% 

24Mg 3186 4.3% 1552 5.9% 179 5.3% 
25Mg 428 3.7% 199 6.8% 23 6.5% 
55Mn 1669 0.4% 659 3.6% 57 14.4% 
58Ni 891 3.3% 425 8.9% 19 45.9% 
59Co 1557 1.6% 513 4.5% 38 10.9% 
60Ni 366 3.3% 164 13.3% 10 21.5% 
63Cu 1402 7.8% 554 6.0% 84 35.8% 
66Zn 282 5.5% 162 11.0% 0 173.2% 
68Zn 233 2.1% 124 16.1% 2 89.2% 
85Rb 1400 2.6% 707 5.2% 32 22.8% 
87Rb 766 2.4% 363 10.3% 23 42.8% 
88Sr 2291 3.9% 1065 4.8% 56 17.2% 
89Y 1154 7.5% 357 7.3% 33 39.5% 

102Ru 414 7.5% 198 15.1% 6 36.7% 
104Ru 247 9.5% 127 12.4% 5 34.6% 
107Ag 451 5.5% 223 7.1% 4 73.2% 
109Ag 424 6.2% 209 10.9% 3 77.6% 
112Cd 103 7.4% 68 12.6% 4 96.1% 
114Cd 123 6.5% 79 14.5% 4 90.1% 
113In 170 7.5% 94 11.3% 3 62.4% 
115In 2674 6.6% 1164 3.3% 8 36.7% 
136Ba 162 6.4% 83 8.6% 8 25.0% 
137Ba 240 10.9% 119 5.8% 3 86.6% 
138Ba 1464 7.5% 760 3.5% 34 32.1% 
140Ce 789 2.3% 296 6.5% 11 66.8% 
142Ce 103 6.7% 41 10.9% 2 34.6% 
151Eu 1057 2.9% 509 6.8% 18 27.5% 
153Eu 1245 1.7% 579 4.0% 24 35.6% 
166Er 643 2.6% 356 4.8% 20 25.1% 
168Er 493 7.8% 267 6.0% 14 8.1% 
170Er 289 5.3% 153 5.1% 6 16.7% 
205Tl 750 4.9% 504 7.7% 3 94.4% 
206Pb 1414 7.2% 481 6.7% 7 24.7% 
207Pb 1091 8.2% 396 8.5% 4 41.7% 
208Pb 2693 6.5% 942 3.3% 15 53.3% 
209Bi 1481 6.9% 895 6.5% 9 48.4% 
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This results from data monitoring only during the time period when a flat signal in the 

square wave generator existed.  The front and the back edge of the signal (before and 

after the plateau) represents about half of the total counts contained in the signal coming 

from the piston-cylinder assembly.  In particular, a total scan time of 6.88 s is ~45% of 

the total square wave.  Clearly, the ability to minimize the temporal overhead (i.e., jump 

and flyback times) caused by multiple scans on a single ETV firing is beneficial when 

conducting quantitative analysis from a full mass scan.  Further optimization of the signal 

to a more perfect square wave logically produced significant improvements in the signal 

and RSD; albeit, a signal improvement of only an additional factor of about two was 

expected and observed.   

It is important to note that in a few cases the precision appears to be better with 

the SBSR signal than the square wave signal.  However, the difference in precision is not 

greater than 2% in most of those cases.  Furthermore, in these instances all isotopic 

precisions with the exception of 137Ba were under 10% for both methods concerning 

those cases.  Overall the precision can be seen to have improved through the use of a 

square wave signal.  Based on the 38 isotopes quantified, 97.4% are under < 10% RSD 

for the square wave signal as opposed to only 68.4% for the SBSR.  Of these analytes, 

45.9% and 34.6% are < 5% RSD for the square wave and SBSR, respectively. 

2.4 CONCLUSION 

The manipulation of ETV transient signal shapes using a square wave generator 

permitted acquisition of quantitative data from full mass scans on single ETV firing.  The 

ability to mix and store the aerosol with minimal sample loss also supports the postulate 

of sub-micrometer diameter aerosol particles leaving ETV.  The need to perform only one 

scan per ETV firing maximized the duty cycle and, in turn, led to a higher number of 

accumulated counts and better precisions.  It should be noted that minimal signal 
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manipulation using an SBSR also provided good quantitative results (%RSD < 15%) for 

a full mass scan on a single ETV transient event.   

Furthermore, the square wave generator may also be used to eliminate or 

minimize the space charge effects witnessed in samples heavily laden with a matrix or 

carrier [12] by introducing the matrix into the ICP over a longer time.  The square wave 

nature of the signal may also prove useful when accurate isotope ratios are sought using 

the ETV introduction mode.  Since all masses cannot be monitored simultaneously with a 

scanning instrument, isotopic ratio information may be compromised when working with 

a transient signal.  The square wave generator eliminates this potential problem as a result 

of the constant intensity signal achieved over the course of the measurement.   

Particularly exciting is the possibility of coupling this device to the “multiplexed 

ETV system” [13] to allow for quantitative analysis using full mass scans at an increased 

sample throughput of ca. 100-150 samples/h.   

Possible limitations of the square wave generator include (a) a loss in sensitivity 

(ca. 2-11%) if single ion monitoring were employed simply because of small losses in the 

square wave generator apparatus; and (b) the inability to temporally separate elements 

due to their differences in vaporization temperatures. 
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Chapter 3: Secondary Discharge in the GBC Optimass 8000 
ICP(TOF)MS Under Dry Plasma Conditions 

3.1 INTRODUCTION 

ETV sample introduction to an inductively coupled plasma time-of-flight mass 

spectrometer (ICP(TOF)MS) is a logical introduction-detection scheme because of the 

ETV’s short transient signal duration (1-3 s) and the TOF’s ability to acquire a full mass 

spectrum (2-260 amu) at approximately 30 kHz.  Furthermore, the TOF analyzes all ions 

in a given time segment from the plasma which eliminates spectral skew [1] as well as 

plasma fluctuations.  While there is no set protocol for optimizing ETV-ICPMS systems 

in terms of plasma and ion optics settings, some authors have relied on pneumatic 

nebulizers.[2, 3]  Assuming optimized conditions for wet plasmas (e.g., use of nebulizers 

with aqueous solvents) and dry plasmas (e.g., use of ETV, laser ablation (LA), nebulizers 

with efficient desolvation) are similar, the nebulizer provides a convenient means of 

producing steady state signals from which various ion optic settings and spectrometer 

conditions can be set. 

In initial studies with a GBC Optimass 8000 ICP(TOF)MS, a pneumatic nebulizer 

was used to optimize the plasma and ion optic settings prior to switching to the ETV.  

Optimum settings for plasma power and aerosol gas flow rate were similar to those 

traditionally reported (e.g., 1.2 kW r.f. power and 1.2 L/min ETV flow rate).  After 

several months of operation with the ETV as the primary sample introduction source, the 

2nd skimmer voltage could not be set to its previously optimized value (ca. -600 V).  

Upon disassembly of the interface region, it was noticed that the orifice in the 2nd 

skimmer cone had widened from its initial value of ~ 0.9 mm to 3-4 mm.  Additionally, 

significant metal deposits were noted on the back side of the 1st skimmer cone and the 

polyetheretherketone (PEEK) insulator between the 2nd skimmer cone and aluminum 
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interface housing was blackened.  The blackened region caused an electrical short 

between the 2nd skimmer cone and aluminum interface housing.  The erosion and 

widening of the 2nd skimmer appeared to be a result of “sputtering” from a discharge 

between the two skimmer cones.  The existence of a discharge after the sampling cone in 

the low pressure region of an ICPMS system has been reported previously and frequently 

referred to as a “secondary discharge”. 

Secondary Discharge  

In the early conception of ICPMS, sampling cone orifices were increased in 

diameter (e.g., from 0.05 mm to as large as 1 mm) based on differentially pumped two-

stage vacuum technology developed by Campargue [4, 5] in molecular beam studies.  

The new design allowed for adiabatic sampling of the plasma and reduced orifice 

clogging caused by salt deposits.[6]  However, an unanticipated electrical discharge (e.g., 

“secondary discharge”) was found to frequently occur between the plasma and sampling 

cone orifice.  Secondary discharges have been reported to be responsible for high 

background counts in the mass spectrum, reduced sampler lifetimes, degraded quadrupole 

resolution due to higher ion kinetic energies, and elevated intensities from doubly 

charged species.[6]  The discharge was determined to be caused by a capacitive coupling 

of the r.f. potential from the load coil to the plasma.[7]  Because the plasma is electrically 

connected to the sampling cone through a plasma sheath [8], an r.f. current will flow from 

the plasma to the grounded sampler.  The current flow between the two will be altered 

based on the difference in mobility between positive ions and electrons, which will lead 

to a rectification of the r.f. voltage.  If the plasma potential becomes too high, a discharge 

will result.  Secondary discharges were found to be alleviated by balanced r.f. drive 

systems (e.g., center tapped load coils) [7] torch shield plates [9], or varying the plasma 

parameters [10] (e.g., nebulizer flow, sampling depth, r.f. power, etc.).   
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For the particular instrument used in this study, the discharge appeared to exist 

between the two skimmer cones and did not apparently involve the sampling cone.  It 

should be noted that in all of the previous studies, only a sampling cone and one skimmer 

cone were present.  Since rapid degradation of the 2nd skimmer cone resulted from the 

discharge when using a dry plasma, a means of eliminating the discharge was pursued.   

3.2 EXPERIMENTAL 

3.2.1 Reagents 

A stock 100 ppb multi-elemental solution was made fresh daily from a 10 ppm 

multi-element standard (Solutions Plus Inc., MO) and commercially available single 

element standards.  The final multi-element solution was composed of the following 

elements: Li, Be, Mg, Al, Mn, Ni, Co, Zn, Ga, Ge, As, Rb, Sr, Cd, In, Sb, Cs, Ba, Tl, Pb, 

and Bi.  The stock solutions were diluted to final volume with 1% HNO3 made from 

70%, redistilled to 99.999% HNO3 (Aldrich, Milwaukee, WI).  High purity Ar was used 

for the plasma and carrier gases (Praxair Inc., Austin, TX). 

3.2.2 Instrumentation 

Sample introduction was performed using a modified Varian GTA-95 

electrothermal atomizer, which has been previously described.[11]  Sample volumes of 

10 µL were delivered to the ETV by a Varian ASD-53 autosampler.  After sample 

introduction, the GTA-95 triggered a pneumatically actuated dosing hole plug and the 

start of data collection.  Data collection was delayed 14.5 s by internal GBC Optimass 

8000 software after receiving the trigger pulse from the GTA-95.  The temperature 

program used for the ETV is shown in Table 3.1. 
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Table 3.1 Varian GTA-95 temperature program  

Program Step Temp. (˚C) Ramp 
time (s) 

Hold time 
(s) 

Dosing 
hole 
plugged 

1 100 10 15  
2 300 10 15  
3 300 0 15 * 
4 2800 1.3 5 * 
5 50 13 0 * 
6 2800 1.4 3  
7 50 13 0  

 

A GBC Optimass 8000 ICP(TOF)MS was used for ion detection.  The Optimass 

8000 utilizes orthogonal fight geometry with respect to the incoming ion beam in order to 

achieve accurate start times, mid-range resolution (e.g., 2000 238U), and low background 

counts.  A total acquisition time of 8 s was set to record the ETV transient; however, data 

points were stored every 0.08 s.  Data collection was performed using the analog mode of 

the instrument.   

GBC Optimass 8000 interface 

The GBC Optimass 8000 interface is composed of a sampling cone, and two 

skimmer cones as shown in Figure 3.1.  The interface is constructed on a water-cooled 

aluminum block.  The sampling cone and 1st skimmer cone are at ground potential, while 

the 2nd skimmer can be varied between 0 and -1500 V.  The 2nd skimmer cone is mounted 

on a high temperature, insulting material (polyetheretherketone or PEEK) which has been 

press fit into the aluminum block.  A mechanical pump is used to evacuate the region 

between the sampling and 1st skimmer, which is ca. 1 Torr.  The chamber between the 1st 

and 2nd skimmer cone is maintained at approximately 10-4 Torr by a turbomolecular 

pump.  The primary purpose of the 2nd skimmer is to repel electrons, while accelerating 

and focusing the ion beam into the ion optics directly behind it.    
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Figure 3.1 GBC Optimass 8000 interface composed of the sampling cone, 1st and 2nd 
skimmer cones.  Reproduced with permission from reference [12]. 

r.f. generator and coil geometry 

The GBC Optimass 8000 is equipped with a 27 MHz, 1.6 kW r.f. generator (Seren 

Inc.,Vineland, NJ).  The generator supplies r.f. potential to a 2-turn, front-ground load 

coil.  Although the load coil is driven by an unbalanced r.f. drive source, no torch-shield 

is supplied with the Optimass 8000.   

GBC Optimass 8000 system control 

The Optimass 8000 instrument functions (e.g., plasma power, ion optics voltages, 

etc.) are user-selectable through Optimass 8000 software (version 1.2) installed on a 

personal computer, PC.  Once key parameters are selected, the host PC transfers the 

settings to the Optimass 8000 via a single RS232 connection.    
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3.2.3 Procedures 

Optimization 

Plasma and mass spectrometer conditions were initially tuned and optimized 

using a MicroMist pneumatic glass concentric nebulizer (Glass Expansion Inc., Pocasset, 

MA) with a cyclonic, water cooled spray chamber and a 100 ppb multi-element solution 

prepared from a 10 ppm Varian tuning solution (Solution Plus Inc., Fenton, MO).  The 

ETV was installed in place of the nebulizer once the initial optimal conditions were 

established.  A 90 cm length of tygon® tubing was used between the ETV and ICP torch. 

Voltage and resistance measurements  

Voltage measurements of the 2nd skimmer power supply were taken at a 10 pin 

Fischer quick-connect plug using a digital voltmeter.  The Fischer plug mates with an 

associated socket installed on the side of ion optic chamber.  Pin designation and 

orientation are shown in Figure 3.2.  A resistance measurement of the 2nd skimmer to 

ground was made by measuring socket pin 4 to ground, i.e., aluminum housing.  Voltage 

measurements could only be taken during normal operation due to instrument software 

control of the voltages. 
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Figure 3.2 Fischer socket (a) and plug (b) pin orientation.  Pin designations are as 
follows: 1) Z lens B, 2) Z lens A, 3) n/a, 4) 2nd skimmer, 5) ground, 6) Y 
lens B, 7) Y lens A, 8) Lens body, 9) Z1 and 10) extraction. 
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Current measurements  

Current measurements were made by a Simpson Model 260 electrical multimeter 

(Simpson Electric Company, Chicago, Il).  The meter was inserted in series between the 

2nd skimmer and ground by splicing into the appropriate wire located in the cable run 

attached to the Fischer quick-connect plug.   

3.3 RESULTS AND DISCUSSION 

3.3.1 Indications of a secondary discharge 

3.3.1.1 Loss of 2nd skimmer voltage adjustment and pyrolysis of PEEK  

After several months of ETV operation, set (-700 V) and indicated (-250 V) 2nd 

skimmer cone voltages were noticed (mfg. tolerance ca. + 10 V).  It was found that the 

2nd skimmer cone voltage indicated only a maximum of -250 V once set lower than -250 

V.  All other instrument voltages responded normally.  The 2nd skimmer power supply 

was isolated and tested with an external digital voltmeter.  Both the power supply and 

software indicators were within tolerance during testing, which seemed to indicate the 

presence of a low impedance path to ground.  A resistance measurement of only 12 kΩ, 

between the 2nd skimmer and instrument ground confirmed an electrical short.  

The sampling cone and 1st skimmer cone were removed for visual inspection.  A 

discharge pattern was seen on the PEEK, which electrically isolates the 2nd skimmer from 

the aluminum housing.  The discharge region can be clearly seen in Figure 3.3. 
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Figure 3.3 GBC Optimass 8000 interface housing: a) sampling cone seating surface, b) 1st 
skimmer cone seating surface, c) discharge region on PEEK, d) 2nd skimmer 
base plate. 

A light brown residue was present on the entire exposed PEEK surface.  The 

residue was removed by placing the PEEK in an ultrasonic bath containing a 5% citronox 

solution.  Heavy track marks on the PEEK from the electrical short required light sanding 

with fine grade sandpaper.  The ETV introduces significant amounts of carbon to the 

plasma; however, similar discolorations and results occurred when sampling the plasma 

with no central channel flow at 1.2 kW r.f. power.     

The residue is possibly the product of pyrolysis since PEEK thermally degrades at 

temperatures around 723 K.[13]  Although plasma gas temperature is expected to be 

much lower than this value behind the 1st skimmer cone (i.e., supersonic expansion), 

secondary discharges have been shown to significantly increase plasma temperatures 

within the interface.[14]  It is not known whether the discharge across the PEEK is 

formed because of carbon produced by decomposition of the PEEK or metal deposition 

(e.g., 2nd skimmer cone material).  Analysis of the PEEK surface was not conducted. 

a) 
b)

c) (d
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3.3.1.2 Sputtering of 2nd skimmer cone  

The 2nd skimmer cone was found to be noticeably etched during the disassembly 

of the Optimass 8000 interface.  Figure 3.4 illustrates the change in skimmer orifice 

diameter after several months of ETV operation.  Although the hole in the used cone is 

approximately 4 times larger in diameter, vacuum readings in the interface and analyzer 

regions were surprisingly similar to that of a new cone.    
 

 

Figure 3.4 Comparison of both new and used 2nd skimmer cones.  The orifice diameter on 
a new cone is 0.9 mm, while the used cone was measured to be 3.3 mm. 

Flaky metal deposits caused by sputtering of the 2nd skimmer cone were found to appear 

on the back side of the 1st skimmer cone as well as on the screen of the interface turbo 

pump below the two skimmers.   

3.3.2. Wet vs. dry plasma conditions  

Initial correspondence with GBC Scientific scientists and other Optimass 8000 

users revealed little information as to the cause behind the effects experienced with the 

ETV.  This is likely a result of limited experience with this instrument using a dry 

plasma.  Therefore, the instrument was probed under wet and dry central channel 
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conditions with the use of the ammeter between the 2nd skimmer and ground (see 

procedures) and a view port.  The view port was created by installing a window onto a 

preexisting unused port between the sampling cone and 1st skimmer.  The region between 

the 1st and 2nd skimmer was not easily accessible so direct viewing was not attempted.  

Central channel flow is typically maintained for approximately 34 s during the ETV 

temperature program (Table 3.1).  The absence of flow to the central channel was 

monitored, as well, because it simulates the normal plasma state during some time 

periods of ETV operation.  Results are graphically displayed in Figure 3.5. 

 

 
 

Figure 3.5 Current measured at 2nd skimmer for various 2nd skimmer voltages.  Plasma 
conditions were as follows: a) 1 mL/min 1% HNO3 at 1.2 L/min and 1.2 
kW, b) no solvent at 1.2 L/min and 1.2 kW, and c) no flow and 1.2 kW.   

The 2nd skimmer current was always larger in the absence of central channel flow 

to the plasma.  In fact, a 40-fold current increase was observed when switching from 



 51

solution nebulization of 1% HNO3 to no flow using a typical 2nd skimmer setting of -600 

V.  Also, a white luminous gas discharge was seen through the view port at all 2nd 

skimmer voltages when gas flow to the central channel was terminated.  Bright white 

emission has been previously linked to severe secondary discharges.[15]  Figure 3.5 

shows current decreasing as additional species (e.g., Ar and/or aqueous solutions) were 

introduced to the central channel.  It is possible that plasma temperature and electron 

density are being effectively reduced by plasma cooling.  Therefore, plasma penetration 

and subsequent interaction with the 2nd skimmer may be minimized.[16]  It is interesting 

to note that the effect of adding solvent or Ar gas flow to the central channel tended to 

exacerbate the secondary discharge seen by others.[17-19]  However, unlike those studies 

where the sampling cone was etched, the discharge in the GBC Optimass 8000 appears to 

be affecting only the 2nd skimmer cone.  Furthermore, the severity of the discharge 

increases as the 2nd skimmer voltage increases.   

3.3.3 Torch shield 

High plasma potentials and subsequent secondary discharges are known to 

develop when unbalanced r.f. drive systems are used for plasma generation (e.g., front-

ground and rear-ground load coils).[6]  Researchers with such systems have shown that 

insertion of a grounded metal torch shield between the load coil and plasma eliminate the 

deleterious effects caused by a secondary discharge.[6, 9, 20-22]  The shield 

accomplishes this by shunting the capacitive coupled r.f. potential to ground when placed 

between the load coil and ICP torch.   

After several design attempts, a simple design using copper as the prototype 

material was used.  Grounding and open circuiting the torch shield was accomplished via 

a 10-gauge wire and a push button electrical switch mounted in the ICP torch box.  The 

torch shield is shown below in Figure 3.6. 
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Figure 3.6 Copper in-house constructed torch shield (length = 18 mm, i.d. = 19.60 mm 
and o.d. = 21.75 mm).  The measurements noted are excluding the base with 
set screw.  The set screw was used for the grounding wire attachment. 

As noted by others [20], it was necessary to pull the shield back on the torch to 

ignite the plasma.  The plasma was maintained at 1.2 kW with no central gas flow while 

the 2nd skimmer voltage was set at –600 V during testing.  The shield lowered the 2nd 

skimmer current by about 25% to 0.3 mA, but this was more likely due to less efficient 

r.f. coupling to the plasma (i.e., plasma power was essentially lowered).  Furthermore, the 

shield became quite hot, as expected, even while electrically floating and readily oxidized 

the copper surface.  In this study, the torch shield did not prove useful in eliminating the 

discharge under typical dry plasma ETV conditions, but may be marginally useful if ETV 

gas flow were maintained to the central channel.        

3.3.4 1st and 2nd skimmer cone configurations  

Many different 1st and 2nd skimmer arrangements were tested to determine if 

material or distance between the two cones were critical factors.  A set of experimental 

2nd skimmer cones are shown in Figure 3.7, while 1st skimmer designs are shown in 

Figure 3.8.   
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Figure 3.7 Multiple 2nd skimmer cone designs created by GBC Scientific Equipment Pty 
Ltd. in an attempt to eliminate the discharge.  The 2nd skimmer cone 
materials are as follows:  a) brass base with a removable stainless steel tip 
skimmer, b) brass skimmer and c) short stainless steel skimmer.  All orifice 
diameters were 0.9 mm, while their heights were 25.5 mm, 14 mm and 4.5 
mm, respectfully. 

 

 

Figure 3.8 Two 1st skimmer designs sent by GBC Scientific Equipment Pty Ltd.  The 1st 
skimmer cones dimensions are as follows:  a) original 1st skimmer design 
(height = 18 mm, orifice diameter = 0.8 mm) and b) 1st skimmer with 
removable tip (height = 23 mm, orifice diameter = 0.25 mm). 
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The 2nd skimmer cone with the stainless steel tip and brass base (Figure 3.7 a) was 

only paired with the 1st skimmer cone shown in Figure 3.8 b to ensure proper clearance 

between the two cones.  The two cones in combination were found to reduce the 2nd 

skimmer current appreciably (e.g., 0.05 mA at 1.2 kW with no central channel flow and -

600 V on the 2nd skimmer) and no visible etching of the 2nd skimmer was evident.  

However, analyte sensitivity was found to be 18- 20 times lower than that of the original 

skimmer designs shown in Figures 3.4 and 3.8 a.  The lower sensitivity is not surprising 

because the flow (Gs) through the 1st skimmer is governed by equation (1): [23] 

                                       Gs = n(xs)u(xs)As                                                        (1) 

where n is the number of atoms or molecules, xs is the distance from the sampling orifice 

to skimmer tip, u is the flow velocity, and As is the area of the skimmer orifice.  

Therefore, a reduction in 1st skimmer orifice diameter from 0.8 mm to 0.25 mm would 

cause flow to decrease by a factor of approximately 10 alone assuming flow velocity 

behind the sampling cone is roughly the same.  This skimmer combination was rejected 

because of severe loss of analyte sensitivity.  It should be noted that the 2nd skimmer 

current was still not below the 0.01 mA that was observed during solution nebulization, 

which suggests that a secondary discharge may still present.   

A brass skimmer (Figure 3.7 b) was installed next with the original 1st skimmer 

(Figure 3.8 a).  The brass skimmer is similar in geometry to the original 2nd skimmer 

(Figure 3.4) with the exception that it is shorter by 4 mm.  Despite the increased distance, 

xs, analyte sensitivities were nearly identical to the original skimmer once the instrument 

was optimized.  This brass skimmer was tested under wet plasma conditions as well as 

under dry plasma conditions with and without central channel gas flow for a total of 20 h 

under each condition.  After each 20 h period, the skimmer cones were removed, 

inspected visually and orifice diameters measured.   
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Skimmer orifice diameters were not found to change in experiments where the 

central channel flow was maintained.  However, the electrical short across the PEEK 

mentioned previously occurred after 15 h of operation under dry plasma conditions with 

the presence of a central channel.  The 2nd skimmer cone was visibly etched and heavy 

metal deposits were found on the back of the 1st skimmer has is shown in Figure 3.9.  The 

discouraging results obtained from the first dry plasma experiment precluded the need to 

perform the experiment without central channel flow.         

 

 

Figure 3.9 Visual etching pattern shown near the tip of the brass skimmer cone (left) and 
the metal deposition along the  back side of the 1st skimmer cone (e.g., 
yellow residue).  

Interestingly, the oval wear pattern seen on the brass skimmer lines up with the 

oblong milled out area on the back side of the 1st skimmer.  These same features were 

seen on the original skimmer in Figure 3.4.  Although not shown, GBC Scientific 

Equipment Pty Ltd. sent a 2nd skimmer with an enlarge orifice (ca. 3 mm) and a TiN 

coating in hopes of minimizing the erosion if the problems were heat related.  The TiN 

skimmer was used with a modified 1st skimmer (Figure 3.8 b) where the small orifice nut-
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type tip was replaced by one with a 0.75 mm orifice to allow for more effective 

skimming.  This modified one is shown in Figure 3.10.  The new tip also caused the 

height to decrease to that of the original 1st skimmer (Figure 3.8 a). 
 

 

Figure 3.10 Tip replacement of the 1st skimmer cone to allow for more effective 
skimming (height = 19 mm, orifice diameter = 0.75 mm).  

The TiN coating and enlarged diameter did not eliminate the discharge and 

damage to the 2nd skimmer.  In fact, under dry plasma conditions Ti ions were detected in 

the mass spectrum.  Once again, the sputtering was most severe when there was no 

central channel.  With the central channel present, the etched region did not extend a 

great distance away from the tip; but, the width of this etched band increased 3-4 fold 

when no central channel was present.  The geometry behind the 1st skimmer shown in 

3.10 is perfectly circular unlike the oblong milled pattern in the original 1st skimmer 

design.  The difference in 1st skimmer cone geometry lead to the formation of two distinct 

etching patterns on the 2nd skimmer cones presented in Figure 3.11. 
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Figure 3.11 A perfectly circular etch pattern can be seen on the TiN coated 2nd skimmer 
cone (a), while an oval pattern is shown on an original stainless steel 
skimmer (b). 

Finally, the small stainless steel skimmer (Figure 3.7 c) was inserted with the 

same 1st skimmer as used with the TiN skimmer.  Although the distance was changed 

dramatically going from the TiN to the small skimmer design, 2nd skimmer currents were 

similar to those shown in Figure 3.5 and no reduction in the discharge current or skimmer 

damage was seen under dry plasma conditions.  Interestingly, signal intensities for 24Mg, 
115In, and 232Th were 9, 5, and 3-fold larger with the TiN cone as compared to the small 

stainless steel skimmer, respectfully.  A clear mass discrimination was noticed with 

improved signal intensity at higher masses, although all masses were reduced in 

sensitivity when switching to the smaller 2nd skimmer.  The additional distance traveled 

between 1st and 2nd skimmer cones may lead to increased ion loss due to of space charge 

repulsion with lighter masses being more greatly affected. 
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3.3.5 Effect of changing interface pressure 

The disappearance of the discharge upon the addition of aqueous solution 

suggests that the addition of a molecular species (e.g., water) may be preventing Ar ions 

from achieving energies necessary for sputtering.  Attempts were made to manipulate the 

interface pressure to determine if the discharge could be quenched under dry plasma 

conditions.  Relevant instrument parameters are listed in Table 3.2.  

Table 3.2 Optimass 8000 instrument parameters set for testing interface pressure effects 
on the discharge.  

Instrument Parameter Optimass 8000 
Settings 

Plasma Power 1.2 kW 
Central Channel Flow 1.2 L/min 
2nd Skimmer Voltage - 700 V 
Sampling Depth 8 mm 

 

Interface pressure was increased by slowly bleeding air into the region between 

the sampling cone and 1st skimmer through the use of a leak valve.  The leak valve along 

with a viewing window were mounted to the interface chamber by a vacuum quick 

connect flange which is displayed in Figure 3.12.  During these studies, interface pressure 

was monitored through thermocouple pressure gauges. 

As air was bled into the interface, the glow from the discharge became brighter 

and 2nd skimmer current was seen to increase from its initial steady state value (ca. 0.07 

mA).  Also, ions characteristic of the 2nd skimmer cone composition (e.g., 47,48Ti+, 59Co+, 
56Fe+, and 52Cr+) were seen to increase as pressure was increased.  Pressure could not be 

increased beyond 2 Torr due to over burdening of the turbomolecular pump and 

shutdown by the instrument vacuum interlocks protecting the analyzer region.  
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Figure 3.12 Leak valve and viewing window attached between the sampling cone and 1st 
skimmer via a vacuum flange and associated vacuum o-rings and clamps. 

Attempts were made to lower the pressure also.  By lowering the pressure, less 

current carriers might be available if they were created by secondary ionization in this 

region.  Pressure was lowered by replacing the leak valve with an additional mechanical 

pump (Leybold-Heraeus Vacuum Product Inc., Export, Pa).  However, the pressure only 

dropped from 1.0 to 0.8 Torr; the glow between the sampling cone and 1st skimmer was 

still present and the current from 2nd skimmer to ground was unchanged.  Furthermore, 

ion signal intensities characteristic of the 2nd skimmer cone were unchanged with the 

additional mechanical pump.  In the end, no new pressure regime could be found which 

produced discharge-free conditions.   
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3.3.6 Effect of r.f. power and flow rate 

Although experiments thus far were unsuccessful in eliminating the discharge 

brief mention was made in an article using the Optimass 8000 with LA that the discharge 

was minimized by reducing the r.f. power while maintaining a high central channel flow 

rate (e.g., 700 W and 0.9 L/min).[24]  Plasmas run under these conditions are commonly 

referred to as “cold plasmas”.[23]  Since LA and ETV sample introduction both involve 

dry aerosol generation, the ETV was tested at several r.f. powers and ETV flow rates 

(i.e., central channel flow).   

As with LA, improved analyte sensitivities with the ETV were found to occur 

under cold plasma conditions.  Figure 3.13 shows the impact on signal intensity for 

several r.f. powers, while the central channel flow rate was held constant at 1.2 L/min.  

Since there is a variation of intensity with ions monitored, the intensities were normalized 

to the results at 700 W.  As can be seen, the gain in sensitivity using 700 W was more 

significant for lighter m/z ions.  The exact reasoning behind the loss in sensitivity during 

the discharge is not known; however, loss in analyte sensitivity in the presence of 

secondary discharges has been reported by others.[23, 25]   
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Figure 3.13 Analyte intensity ratios (relative to intensities at 700 W) at several power 
levels and 1.2 L/min central channel flow.  The analytes monitored include: 
7Li, 9Be, 24Mg, 27Al, 55Mn, 58Ni, 59Co, 64Zn, 69Ga, 74Ge, 75As, 85Rb, 88Sr, 
114Cd, 115In, 121Sb, 133Cs, 138Ba, 205Tl, 208Pb, and 209Bi.  The 2nd skimmer 
voltage was set at – 700 V. 
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In Figure 3.14, the 2nd skimmer current is reduced with decreasing power and 

increasing flow rate.  The current measured at 700 W and 1.2 L/min with the ETV was 

similar to that observed with wet plasma conditions at 1.2 kW and 1.2 L/min (i.e., 0.01 

mA) and optimum analyte intensities were achieved in both cases.  Furthermore, the glow 

between the 1st and 2nd skimmers was not visible at 700 W and 1.2 L/min through the 

view port with the dry plasma.  Although not shown graphically, analyte intensities 

decreased with decreasing flow rate.     
 

 

Figure 3.14 2nd skimmer current measured at various r.f. powers and central channel flow 
rates.  The 2nd skimmer voltage was set at -700V.   

The changes needed to minimize the secondary discharge for the dry plasma are 

nearly the opposite of those reported for a wet plasma.[15]  However, Sakata et al. have 

shown that plasma conditions (e.g., r.f. power and central channel flow rate) can 

significantly alter the location of the plasma boundary behind the 1st skimmer.[16]  In 
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fact, the discharge between the 1st and 2nd skimmer may occur because the plasma is 

electrically coupling the two skimmers (i.e., anode and cathode).  The voltages and 

pressures between the two skimmers are not dissimilar from that seen for a glow 

discharge.  Furthermore, increases in 2nd skimmer current may indicate that plasma is 

covering more of the 2nd skimmer surface, which would explain why the etch pattern was 

ca. 3-4 fold wider under no flow conditions with the TiN skimmer.  This scenario would 

also explain why the torch shield was ineffective and why discharges are occurring under 

dry plasma conditions and not with wet plasmas.  Under discharge-free conditions, it is 

likely that the ion beam is formed prior to the 2nd skimmer, which would avoid the 

discharge due to the lack of negative charge carriers.  

3.3.7 ETV bypass valve network 

The discharge is eliminated at 700 W and 1.2 L/min.  However, gas flow must be 

maintained to the central channel at all times, which is not the case during ETV 

operation.  A simple electronically operated valve network was constructed to avoid this 

situation (Figure 3.15). 
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Figure 3.15 ETV valve network and timing diagram used to eliminate the secondary 
discharge.  Parts included are follows: Valve A (ASCO 3-way solenoid 
valve, Florham Park, NJ) and Valve B (Burket 3-way solenoid valve, Irvine, 
CA). 

In Figure 3.15, two three-way solenoid valves A and B are shown, although one 

of ports of valve B is plugged and operated as a two-way valve.  The plug is required to 

force flow through the torch; otherwise central gas flow will be lost.  Both valves are 

drawn in their de-energized state.  Therefore, ETV gas flow bypasses the ETV to the ICP 

during all temperature program steps with the exception of stages where the ETV trigger 

is active (e.g., +5 V TTL) and both valves become energized.  The ETV trigger is set 

within temperature program menu on the Varian GTA-95 and is referred to as the “read” 
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signal.  In the absence of an ETV trigger, Ar gas flow to the furnace is supplied from the 

Varian GTA-95 and is set within the temperature program menu as well.   

3.4 CONCLUSIONS 

A secondary discharge in the Optimass 8000 can be quite problematic and result 

in loss of analyte sensitivity, 2nd skimmer cone destruction, and possible electrical 

shortage of the 2nd skimmer cone to instrument ground.  The studies conducted here were 

of minimal guidance for truly understanding the discharge or providing broad based 

guidelines for its elimination, independent of type of ICP being used.  However, 

secondary discharges are, in general, poorly understood.   

Low r.f. power (e.g., 700 W) and 1.2 L/min injector gas flow rate (1.2 L/min) 

eliminated the discharge when using the ETV.  Although no measurements are being 

made during ETV heating stages when no central channel gas flows to the ICP, the use of 

the gas bypass valve network eliminates the discharge at these times and increases the 

lifetime of the 2nd skimmer cone significantly.  Since the discharge is luminous, a 

viewing window is useful in detecting the presence of such a discharge.  Monitoring the 

current between the site where the discharge may be occurring and ground is an equally 

powerful diagnostic tool and can be more easily implemented on a wide range of 

instrument designs.  
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Chapter 4: Initial Investigations of a GBC Optimass 8000 ICP(TOF)MS 
with ETV Sample Introduction 

4.1 INTRODUCTION 

Since its first inception, inductively coupled plasma mass spectrometry has relied 

heavily on quadrupoles for mass-to-charge (m/z) separation.  Quadrupoles enjoy this 

level of popularity because they are rugged, inexpensive, and provide excellent 

sensitivity.  However, as has been shown by several authors [1-3] they are limited in 

terms of monitoring a large numbers of analytes and/or plasma background species (i.e., 

> 25) during a short signal transient (i.e., 1-3 s) unless the signal is broadened.  

Time-of-flight mass spectrometers TOFMS, unlike quadrupoles, monitor all 

analyte ions in a given ion packet pseudo-simultaneously.  In fact, the TOFMS maintains 

a constant duty cycle regardless of the number of masses monitored.  The duty cycle in 

the TOFMS can be calculated by the following equation (1): [4] 

 

                                         V
dF  cycle Duty ×=

                                               (1) 

 

where F is the repetition rate of the accelerator, d is the length of the accelerator region, 

and V is the velocity of the incoming ion beam.  Values for the GBC Optimass 8000 

ICP(TOF)MS are 3 x 104 s-1, 2 cm, and 5 x 105 cm/s for F, d, and V, respectfully, which 

yields a duty cycle of ~ 12%.[5]  Furthermore, simultaneously collection of all ions 

eliminates errors arising due to spectral skew [6] and plasma fluctuations.  It is interesting 

to note that although a total mass spectrum (2-260 amu) is generated in tens-of-

microseconds, individual mass-to-charges are only separated by tens-of-nanoseconds.  In 
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order to maintain good resolution, high speed electronics are implemented for data 

acquisition (i.e., 1-4 Ghz).[7]   

Background ICP(TOF)MS and GBC Optimass 8000 

As described in the introduction to this thesis, ions are separated on the basis of 

their differences in velocity when subjected to an electric field (ca. 30,000 V/m) and 

allowed to drift down a field free flight tube of length D.  The ability to convert a 

continuous ion beam, as is the case with ICPs, into discrete ion packets for m/z separation 

and detection is not trivial.  These ion packets can be pulsed and accelerated axially or 

orthogonally (e.g., 90º) with respect to the incoming ion beam depending on the 

particular instrument design.  Both techniques have advantages and disadvantages which 

have been summarized in numerous publications.[7-9]  The GBC Optimass 8000 

ICP(TOF)MS that was used in this work is equipped with orthogonal acceleration (oa) 

and is shown below in Figure 4.1. 
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Figure 4.1 GBC Optimass 8000 ICP(TOF)MS instrument layout (printed with permission 
by GBC Scientfic Pty Ltd.[10]) 

In Figure 4.1, analyte ions are skimmed from the plasma and directed into the 

orthogonal accelerator.  The orthogonal accelerator then pulses the ions into the flight 

tube for m/z separation.  The Optimass 8000 is equipped with a reflectron, which 

increases the m/z resolution by compensating for initial ion energy differences attained in 

the accelerator region.[11]  Due to differences in spatial location in the accelerator, the 

reflectron achieves mass resolution by allowing ions of a given m/z with higher KE to 

penetrate the ion mirror further before catching up to ions with the same m/z but lower 

KE at a 2nd spatial focus (e.g., detector).  The Optimass 8000 achieves a resolution range 

from 500 (6Li+) to 2200 (238U+).[12]  Furthermore, the use of the reflectron allows for the 
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implementation of a “blanker” to remove unwanted ions (e.g., 40Ar+) at the 1st spatial 

focus which extends detector lifetime.     

In this study, a modified Varian GTA-95 graphite furnace atomizer was employed 

as the ETV and was coupled to a GBC Optimass 8000 ICP(TOF)MS.  The ETV-

ICP(TOF)MS was characterized both in ion counting and analog detection modes.  

Figures of merit such as detection limits, linear dynamic range and isotopic precision 

were evaluated.   

4.2 EXPERIMENTAL 

4.2.1 Reagents 

A stock 10 ppm multi-elemental solution in 1% HNO3 (v/v) was made from 

commercially available 1000 ppm single element standards (SCP Science, Champlain, 

NY).  Appropriate serial dilutions were then made to create a 1, 5, 10, 25, 50, 100, 150, 

250, 500, 1,000 ppb stock solutions.  The final multi-element solutions were composed of 

the following elements: Be, Al, Mn, Ni, Co, Cu, Ga, Ge, As, Rb, Sr, In, Sb, Cs, Ba, Tl, 

Pb, and Bi.  Stock solutions were diluted to final volume with 1% HNO3 made from 70%, 

redistilled to 99.999% HNO3 (Aldrich, Milwaukee, WI).  High purity Ar was used for the 

plasma and carrier gases (Praxair Inc., Austin, TX). 

4.2.2 Instrumentation 

Sample introduction was performed using a modified Varian GTA-95 

electrothermal atomizer, which has been previously described.[1]  Sample volumes of 20 

µL were delivered to the ETV by a Varian ASD-53 autosampler.  After sample 

introduction, the GTA-95 triggered a pneumatically actuated dosing hole plug and the 

start of data collection.  Data collection was delayed 14.5 s by internal GBC Optimass 
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8000 software after receiving the trigger pulse from the GTA-95.  The temperature 

program used for the ETV is shown in Table 4.1. 

Table 4.1 Varian GTA-95 temperature program  

Program Step Temp. (˚C) Ramp 
time (s) 

Hold time 
(s) 

Dosing 
hole 
plugged 

1 100 10 15  
2 300 10 15  
3 300 0 15 * 
4 2800 1.3 5 * 
5 50 13 0 * 
6 2800 1.4 3  
7 50 13 0  

 

A total acquisition time of 9 s was set to record the ETV transient; however, data 

points were collected every 0.09 s.   

GBC Optimass 8000 data acquistion 

The Optimass 8000 ICP(TOF)MS data acquisition is performed by a 1 Ghz 

Acqiris digital signal averager (Acqiris, Geneva, Switzerland) and stored into a Microsoft 

Access data base.  The signal averager can be operated in either an ion counting mode or 

analog mode and is user selected.  Ion detection is accomplished by a discrete dynode 

electron multiplier (ETP, Ermington, NSW, Austrailia). 

Ion counting mode, analog mode and the signal averager  

The Acqiris signal averager is constructed of an array of 2 ns time bins.  Each bin 

is equipped with an 8-bit register which outputs to a 24-bit register.  In essence, the signal 

averager will produce a histogram vs. time bin spectrum every 34 µs.  In most cases, few, 

if any, ions are generated on an individual pushout; therefore, multiple spectrum are 

summed (i.e., data are transferred from 8-bit registers to 24-bit registers).[5]  After 

multiple spectra are acquired and summed, time bin registers are assigned to a given m/z 
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based on flight time, which is established through instrument calibration.  The mass 

spectrum can be displayed either in terms of time or m/z depending on how data are 

collected.   

In ion counting mode, the signal avearger will only assign a 1 or a 0 to a given 

time bin depending if the current generated by the ions striking the detector exceeds that 

of a set threshold, while the analog mode uses 0-255 resolution elements per time bin.  

Furthermore, ion counting must drop below the threshold value before a count will be 

registered, and that count will go in the centroid time bin.  For example, if the threshold is 

exceeded for 5 consecutive time bins, a 1 will be registered only in the centroid bin.  The 

analog mode uses all time bins regardless of threshold value once it has been exceeded.  

It should be noted that analog mode intensity is recorded in counts/sec (cps) but is a result 

of an analog-to-digital mode rather than a true recording of ion cps which makes 

sensitivity comparisons to other instruments (e.g., cps/ppb) impossible.   

4.2.3 Procedures 

Optimization 

Plasma and mass spectrometer conditions were initially tuned and optimized 

using a MicroMist pneumatic glass concentric nebulizer (Glass Expansion Inc., Pocasset, 

MA) with a cyclonic, water cooled spray chamber and a 100 ppb multi-element solution 

prepared from a 10 ppm Varian tuning solution (Solution Plus Inc., Fenton, MO).  The 

ETV was installed in place of the nebulizer once optimal conditions were established.  As 

discussed in chapter 3, r.f. power was reduced to 700 W and an ETV bypass valve system 

was implemented in order to eliminate the secondary discharge.  Final parameters were 

fine tuned through multiple ETV firings.  A 90 cm length of tygon® tubing and 

associated fittings connected the ETV to the ICP torch.  Instrument settings used are 

included in Table 4.2.   
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Table 4.2 GBC Optimass 8000 ICP(TOF)MS instrument parameters. 

 Instrument 
Parameter 

Settings 

Plasma Power 700 W 
Plasma Flow 13.0 L/min 
Auxiliary Flow 1.5 L/min 
ETV Flow 1.2 L/min 
Sampling Depth 8 mm 
Skimmer -700 V 
Extraction -1,200 V 
Z1 -700 V 
Y Mean  -75 V 
Y Deflection -3 V 
Z Lens Mean -1,150 V 
Z Lens Deflection -25 V 
Lens Body -170 V 
Fill -38 V 
Fill Bias  0.5 V 
Fill Grid -20 V 
Pushout Plate  510 V 
Pushout Grid -530 V 
Reflectron 580 V 
Detector 3,200 V 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Limits of detection and analyte sensitivity 

Detection limits were calculated based on the standard deviation (σ) of 10 blank 

ETV firings (e.g., 1% HNO3) and the slope of the calibration curve (S) for each isotope 

as shown in equation (1).   

                                                        S
3cL
σ=

                                                (1) 

Also, dry plasma blanks were recorded for comparison to nitric acid blanks.  The 

dry plasma blanks reflect the counts collected in the absence of the ETV and nitric acid 

blank and should yield the lowest detection limits that can be achieved due to instrument 

limitations.   

Detection limits and analyte sensitivities are compared to those attained by a 

Varian Ultramass equipped with a quadrupole mass analyzer in Table 4.3.  ETV-ICPMS 

detection limits were based on data collected from the single bead string reactor (SBSR) 

experiment in chapter 2; however, the standard deviation of the blank (e.g., 1% HNO3) 

was based on 6 ETV firings instead of 10.  Furthermore, Varian Ultramass data were 

corrected for 100% duty cycle (i.e., single ion monitoring) since the duty cycle is 

calculable and represents the best possible limits of detection in a quadrupole mass filter.  

Detection limits were less than 2 pg with the exception of that for 63Cu (i.e., 61 

pg) in the ICP(TOF)MS which was due to blank contamination.  However, dry plasma 

detection limits were less than 0.7 pg for all elements.  The experimental detection limits 

calculated here are similar to values achieved by other authors using ETV-ICPMS.[13]  

Not surprisingly, analyte sensitivity was about 8 times larger with the quadrupole when 

compared to the TOF, which is in agreement with the calculated duty cycles (i.e., 100%, 

12%).  Thus, assuming blanks were identical for all elements in both techniques, the 

detection limits would be almost an order of magnitude lower for the quadrupole when 
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single ion monitoring is used.  As the number of monitored ions increases, the detection 

limits for the quadrupole degrade due to the decrease in duty cycle.  In contrast, the TOF 

sensitivity is unaffected by the number of m/z monitored, i.e., the duty cycle remains 

constant.  

Table 4.3 Comparison of detection limits and analyte sensitivities.  Ion counting mode 
was used for the calculation of detection limits and analyte sensitivity. Dry 
plasma detection limits are in parentheses ( ). 

Isotope ETV-ICPMS 
Sensitivity 
(counts/fg) 

ETV-ICPMS 
Detection limit 

(pg) 

ETV-oa-
ICP(TOF)MS 

Sensitivity 
(counts/fg) 

ETV-oa-
ICP(TOF)MS 
Detection limit 

(pg) 
9Be 0.96 0.10 0.08 0.58 (0.43) 
55Mn 1.11 0.11 0.21 0.22 (0.25) 
58Ni 0.37 0.91 0.11 0.83 (0.66) 
59Co 0.86 0.29 0.15 0.09 (0.15) 
63Cu 0.72 0.14 0.09 60.98 (0.20) 
69Ga -- -- 0.22 0.16 (0.13) 
74Ge -- -- 0.09 0.43 (0.22) 
75As -- -- 0.06 0.64 (0.44) 
85Rb 1.20 0.08 0.21 1.00 (0.23) 
88Sr 1.68 0.69 0.22 0.31 (0.09) 
115In 2.11 0.09 0.23 0.21 (0.06) 
121Sb -- -- 0.14 0.33 (0.09) 
133Cs -- -- 0.27 0.65 (0.17) 
138Ba 0.94 0.40 0.12 0.40 (0.41) 
205Tl 0.90 0.06 0.14 0.53 (0.56) 
208Pb 1.24 0.14 0.14 0.49 (0.48) 
209Bi 1.62 0.09 0.14 1.44 (0.41) 

4.3.2 Dynamic linear range 

Ion counting mode 

The dynamic linear range using the ion counting mode was experimentally found 

to be limited to about 2-3 orders of magnitude, based on the detection limit and linear 

response in the calibration curve.  In general, calibration curves for most isotopes were 

found to exhibit non-linear responses after approximately 200 pg, although minor 
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isotopes (i.e., < 5%) were linear up to as high as 3,000 pg.  Calibration curves of Ni 

isotopes are displayed in Figure 4.1 as an example.   

The linear range is restrained to only a few orders of magnitude because of the 

short time scale (i.e., tens-of-nanoseconds) in which data measurements are taken and the 

probability that more than one ion may arrive coincident at the detector in a given 

pushout.  In general, mass amounts leading to more than one ion per pushout (e.g., 3 x 

104 cps) should be avoided if linearity in the calibration curve is desired.   
 

 

Figure 4.1 Calibration curves of 58Ni, 60Ni, and 62Ni based on total counts collected over 
the transient using the pulse counting detection mode.  The isotopic 
abundance are 68.08, 26.22 and 3.63%, respectfully.  Trendlines were drawn 
to highlight the deviation for linear response in 58Ni and 60Ni.  

60Ni isotope peak profiles are displayed in Figure 4.2 to clearly illustrate the 

response in intensity with respect to increasing concentration.  Comparing Figures 4.1 
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and 4.2, 500 pg was largest analyte mass yielding linear response on the 60Ni calibration 

curve, and it was the last peak profile recorded below 3 x 104 cps as seen in Figure 4.2.    

Intensities beyond 3 x 104 cps were achieved for higher concentrations because multiple 

ions (i.e., not coincident) could be recorded in a given pushout depending on the m/z 

calibration window size (i.e., number of 2 ns time bins for a given m/z) and the transit 

time spread.  The transit time spread is the peak broadening resulting from a single ion 

striking the detector. 
 

 

Figure 4.2 60Ni signal intensity response as a function of mass deposited in the ETV using 
pulse counting detection mode. 

The transit time spread created by a single ion arrival event at the discrete dynode 

electron multiplier (ETP, Ermington, NSW, Austrailia) installed in the GBC Optimass 

8000 is approximately 3-5 ns, while isotope signals are typically collected over 3 to 5 
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time bins (e.g., 6-10 ns).[5]  Furthermore, concentrations at or exceeding 2,000 pg were 

found to cause double peaks in some isotopes as indicated by 115In in Figure 4.3.  
 

 

Figure 4.3 Saturation of 115In signal displayed with minor isotope 113In.  Experimental 
and expected isotopic ratios are displayed on right hand vertical axis. 

Comparing 113In intensities and isotopic ratios (115In/113In) indictate the 115In 

double peak is not a true response but data acquisition related.  Double peaks such as 

these are normally seen when ions arriving at the detector cannot be distinguished and is 

commonly referred to as “pulse pile-up”.  Although not attempted, the ion counting mode 

linear range of a calibration curve could be extend by broadening of the ETV signal as 

discussed in chapter 2. 
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Analog mode 

The analog mode in combination with the ion counting extends the linear working 

range up to 4 orders of magnitude.  All isotopic calibration curves were linear to at least 

5,000 pg.  Selected calibration curves are displayed in Figure 4.4.   
 

 

Figure 4.4 Calibration curves for 11 isotopes from multiple ETV firings using the analog 
detection mode.  Each point is based on 5 replicate firings with precisions 
less than 5%. 

 Analog mode extends the linear dynamic range by measuring the registered 

detector current produced in each time bin using an 8-bit ADC.  This is in contrast to the 

ion counting mode where, simply stated, a pulse is either registered or not registered in a 

given time bin.  The loss of linearity for most analytes, in the analog mode, did not 

appear to be caused by the detector or the signal processing hardware because all 

isotopes, regardless of percent abundance, exhibited a non-linear calibration curve 
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response above a given mass (i.e., 5,000 pg).  Interestingly, refractory elements Sr, Ba, 

and Be remained linear up to 20,000 pg.  Sr, Ba, and Be due to their interaction with the 

graphite furnace surface arrive at the plasma/mass analyzer much later in time (i.e., ~1 s) 

than volatile elements like Pb and In.  The time dependant entrance of analyte ions into 

the mass analyzer may play a critical role in the results seen here and is addressed in 

chapter 5 with the use of concomitant elements. 

4.3.3 Isotopic precision 

ICP(TOF)MS is capable of achieving high precision isotopic ratios during 

transient sample introduction regardless of the number of isotopes monitored.  Also, 

errors caused by spectral skew and plasma noise are avoided since all ions in a given 

packet are monitored simultaneously.  Similar results can be approached with sequential 

scanning instruments provided fewer masses are monitored or the signal shape is non-

transient or a transient signal shows little intensity variation over a reasonable time 

period, such as when using the square wave generator.[3]  Figure 4.5 shows isotopic 

ratios obtained every 0.09 s for a 100 pg Sb sample over the course of the ETV transient.   
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Figure 4.5 Transient signals for 121Sb and 123Sb and time dependent 121Sb/123Sb isotopic 
ratio over a typical ETV transient.  The horizontal line represents the 
expected isotopic ratio. 

Isotopic ratios agree well with that expected based on isotopic abundance across 

the width of the ETV transient.  As expected, isotopic ratio fluctuations before and after 

the peak occur because of random noise in the absence of Sb.  Also, fluctuations due to 

statistical counting errors caused by insufficient Sb counts are clearly seen in the isotopic 

ratio values at the beginning and end of the peak. 

Isotopic precision is further displayed in Table 4.4 for a variety of analytes using 

100 pg of each element.  Isotopic ratio precision for five replicates (e.g., five ETV 

firings) correlated well with that expected based on statistical noise (e.g., shot noise).  

The ratio of 115In/113In has the highest percent relative standard deviation (%RSD) due to 

the low signal intensity of 113In (e.g., 4.3% isotopic abundance).  Isotopic precision with 
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the ETV (no peak broadening) is limited in the ion counting mode due to the lack of 

analyte ions which can be introduced without exceeding the linear dynamic range.   

Table 4.4 Isotopic ratios and experimental precision based on five replicate ETV firings 
for various analytes.  All analytes are present at 100 pg in ion counting 
mode.   

Element Expected 
Ratio 

Experimental 
Ratio 

Theoretical 
Precision 
(%RSD) 

Experimental 
Precision 
(%RSD) 

58/60Ni 2.60 2.55 1.9 2.1 
63/65Cu 2.24 2.22 2.1 1.2 
69/71Ga 1.51 1.50 1.2 0.9 
88/86Sr 8.38 8.48 2.3 2.0 
115/113In 22.31 23.34 4.0 6.4 
138/137Ba 6.38 6.43 3.2 3.1 
208/206Pb 2.17 2.14 1.8 2.0 

4.3.4 Relative standard deviation 

The precision for multiple ETV firings (n = 5) at analyte concentrations of 100 pg 

are shown in Table 4.5.  The RSD’s averaged about 2.1% and all were less than 3%, with 

the exception of 113In.  The experimental RSDs coincided well with those determined 

theoretically based on shot noise alone.  These results highlight the TOF’s ability to 

monitor multiple m/z values without sacrificing precision or requiring peak broadening 

devices as was shown to be the case in chapter 2 with the quadrupole based system. 
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Table 4.5 Precision of various analytes monitored at 100 pg.  

 
Isotope Theoretical 

Precision 
(%RSD) 

Experimental 
Precision 
(%RSD) 

9Be 1.2 1.3 
55Mn 0.6 1.1 
58Ni 1.0 1.9 
60Ni 1.6 2.4 
59Co 0.8 1.4 
69Ga 0.7 0.8 
74Ge 1.3 1.4 
75As  1.5 2.5 
85Rb 0.7 1.3 
86Sr  2.1 2.8 
113In 3.8 7.5 
121Sb 1.0 1.5 
133Cs 0.6 1.2 
137Ba 2.9 2.5 
208Pb 1.0 1.2 

4.3.5 Mass discrimination 

It was noted during instrument optimization that larger m/z isotopes exhibited a 

larger sensitivity, e.g., signal intensity per mole analyte.  Figure 4.7 shows the mass 

discrimination observed after analyte intensities were corrected for molecular weight, 

percent isotopic abundance, and ratioed to the largest isotope mass that was monitored, 
209Bi  
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 Figure 4.7 Relative signal intensities with respect to 209Bi highlight the mass 
discrimination observed in the GBC Optimass 8000.  ETV and nebulizer 
results are compared. 

ETV results were compared to solution nebulization to eliminate the ETV or dry 

plasma conditions as the source of discrimination.  Solution nebulization produced 

similar results with the notable exceptions of Sr and Ba which are circled in the figure.  

Sr and Ba are two of the most refractory analytes considered and may be lost due to 

interactions with the graphite furnace surface and/or graphite end cones, which would 

result in poor transport from the ETV to the ICP and explain their unexpected low signal 

intensities.  Attempts to increase the sensitivity of lighter isotopes could not be 

accomplished by varying instrument parameters (e.g., plasma sample depth, ion optics, 

etc.) even at the expense of losing sensitivity for larger m/z isotopes.   The mass 

discrimination appears to follow a linear trend in which the larger analyte ions have 
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higher transmission efficiency.  Higher transmission of large analyte ions may be an 

indication of space charge repulsion.  A similar linear trend was shown by Burgoyne et 

al. [14] by monitoring the ion beam behind the skimmer cone in a magnetic sector and 

plotting ion beam width as a function of m/z.  They placed a graphite disc 7 cm behind 

the skimmer and bombarded the disc with a multi-elemental solution.  The disc was 

analyzed by laser ablation with a ICP(TOF)MS.  Under low accelerating potentials (e.g., 

800 V), lighter analyte ions were found to be more dispersed across the disc.  In a 

separate study, Duersch et al. [15] mapped relative ion densities by using laser induced 

fluorescence in the 2nd vacuum stage and reported results in agreement with Burgoyne et 

al. [14].  The effect of space charge will be dependant upon ion density and instrument 

geometry.  Further studies will be required to determine the exact nature of the space 

charge effect in the GBC Optimass 8000 ICP(TOF)MS.  

4.4 CONCLUSIONS 

The GBC Optimass 8000 ICP(TOF)MS has the ability to monitored over 200 

isotopes per ETV transient while offering acceptable limits of detection, 3- 4 orders of 

magnitude in dynamic linear range and good isotopic precision.  The ability to monitor 

over 200 isotopes can lead to increased throughput and shorter analysis times as 

compared to traditional quadrupole mass analyzers.   

The biggest disadvantage with TOFMS is the loss in analyte sensitivity compared 

to single ion monitoring with a quadrupole mass analyzers.  However, this sensitivity loss 

is regained as the number of monitored masses increases since sequential scanning 

instrument sacrifice duty cycle at the expense of ions examined.  As significant, the 

quadrupole sensitivity loss is non-linear with ions monitored, e.g., if the number of m/z 

values monitored is doubled, the sensitivity in counts/pg drops by more than a factor of 2 

due to added overhead times from flyback and amplifier settling time (viz., “jump time”).  
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This is not true for TOF mass analyzers because the duty cycle remains constant 

regardless of the number of masses monitored.     

The ion counting dynamic linear range was small and could be an analytical 

hindrance unless the use of peak broadening approaches are used to limit the maximum 

ion density for more concentrated samples.  While the Optimass 8000 exhibits mass 

discrimination biased in favor of large m/z isotopes, some degree of mass discrimination 

is typical of most mass analyzers and is generally not considered a limiting parameter for 

most analytical applications.    
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Chapter 5: The Use of Concomitant Elements to Evaluate an Ar-N2 
Mixed Gas Plasma by ETV-ICP(TOF)MS 

5.1 INTRODUCTION  

The ideal ICPMS system provides the same signal, independent of the matrix; this 

is something that has yet to be achieved without significantly reducing the mass delivery 

rate of the sample to the plasma.  The sources of deviation from ideality has been 

previously reviewed [1], but broad based application of the proposed theories are 

complicated by the interlaced dependencies of a number of parameters that impact the 

signal, e.g., plasma sample positioning, torch/load coil design, sampling cone geometry, 

ion optics, etc.  Unfortunately, it is difficult to isolate only one parameter for evaluation 

since its “optimal” position is also influenced by other instrument settings.  The problem 

is further compounded when a transient signal such as that produced by an ETV is 

involved.  Sample transport and time dependent entrance of analyte and matrix are just a 

few of the factors that complicate the determination of “cause and effect”. 

The interest in minimizing the impact of the matrix is especially important for 

ETV introduction because of its frequent use with matrices whose complexity (e.g., 

amount of dissolved solids) is at such a level that the sample cannot be accommodated by 

conventional nebulization.  Additionally, at the same level of dissolved solids, the mass 

delivery rate (g/s) is also much higher for the ETV.  As an illustration, a typical ETV 

signal lasts between 0.5-3 s, depending on transport tubing length and diameter, heating 

rate, and carrier gas flow rate.  Comparing a typical ETV delivery (20 µL sample, 1 s 

signal with 20% transport efficiency) with a nebulizer (1 mL/min delivery at 1% 

efficiency) shows that at least 20 fold more matrix is delivered per second when using the 

ETV relative to a nebulizer (excluding solvent introduction by the nebulizer).  

Additionally, since 0.1-2% dissolved solids is the upper limit considered usable for most 
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nebulizers, this makes water the primary matrix burden at a transfer rate of ca. 15 to 40 

mg/min.[2]  Thus, it is reasonable that a plasma using ETV introduction will see a larger 

variation in the composition and amount of matrix when comparing simple standards to 

complex samples than is the case with nebulized solutions.   

Mermet and co-workers first identified plasma conditions (e.g., high r.f. power 

and low nebulizer flow rate) under which sample matrix composition did not significantly 

alter the analytical line intensity as “robust” in ICP-AES.[3]  These conditions were 

obtained by achieving a Mg II 280 nm/Mg I 285 nm line intensity ratio greater than 

10.[4]  Robust plasmas are believed to improve sample vaporization, atomization, and 

excitation because of an increased efficiency in the energy transferred from the 

surrounding plasma to the central channel.  However, the concept of plasma robustness, 

when applied recently to ICPMS, indicated that increased r.f. power had minimal effect 

as compared to reducing nebulizer gas flow rate and sample uptake rate.[5]  Unlike ICP-

AES, robust conditions in ICPMS were based on maintaining accuracy in the 

determination of multiple analytes while varying multiple sample matrices and multiple 

instrument parameters (e.g., r.f. power, nebulizer flow rate, sample uptake rate, ion 

optics, etc.).  In general, robust conditions involved adjusting parameters that would be 

analogous to sample dilution.   

Alternatively, several authors using wet plasmas (i.e., nebulizer-based 

introduction) have shown general improvements for accommodating matrix changes 

when N2 gas was added to the outer plasma gas in ICPMS systems.[6-9]  While these 

studies using mixed gas plasmas generally only reported results and not possible causes 

for improvements, it has been hypothesized elsewhere that addition of N2 to the outer gas 

flow causes enhanced sample-plasma interactions.[10]  Application of N2 to the outer 

plasma gas also has been found to cause a reduction in the axial channel diameter and 
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overall plasma volume [11], as well as an increase in plasma temperatures [12-15] and 

electron densities [12]. 

Thus far, no attempts have been made to evaluate a dry plasma and the potential 

utility of mixed gas plasmas in terms of “plasma robustness”.  This chapter addresses that 

issue by using an Ar-N2 mixed gas plasma in conjunction with an ETV sample 

introduction source on a ICP(TOF)MS.   

5.2 EXPERIMENTAL 

5.2.1 Reagents 

A stock 200 ppb multi-elemental solution in 1% HNO3 (v/v) was made fresh daily 

from a stock 10 ppm multi-element standard, which was made from commercially 

available 1000 ppm single element standards (SCP Science, Champlain, NY).  The final 

multi-element solution was composed of the following elements: Be, Al, Mn, Ni, Co, Cu, 

Ga, Ge, As, Rb, Sr, In, Sb, Cs, Pb, and Bi.  All analyte isotopes were recorded during 

each ETV firing since the duty cycle in TOF(ICP)MS is independent of the number of 

masses monitored.  Thus, the 10 µL of 200 ppb multi-element solution that was injected 

into the ETV represents a total metal mass of 32 ng.  

Matrix solutions of 10, 100 and 500 ppm Na were made from a 20,000 ppm Na  

stock solution, which was prepared by dissolution of NaNO3 (Fisher Scientific, Fair 

Lawn, NJ) salt in 1% HNO3.  A 996 ppm Pd solution was made from 0.4982 g of purified 

Pd metal powder (Alfa Products, Danvers, MA) by initially dissolving the powder in ca. 

10 mL of aqua regia, a 1:3 mixture of concentrated 70% HNO3 (Aldrich, Milwaukee, WI) 

and concentrated 70% HCl (Aldrich, Milwaukee, WI).  This solution was heated until 

less than 5 mL remained, cooled and diluted to 500 mL using 1% HNO3.  Solutions of 10, 

100, and 500 ppm Pd were made by dilution.  
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All analytical solutions were diluted from the stock with 1% HNO3 (v/v), 

prepared from 70%, redistilled to 99.999% HNO3 (Aldrich, Milwaukee, WI).  High 

purity Ar and N2 (Praxair Inc., Austin, TX) were used throughout this study.   

5.2.2 Instrumentation and operating conditions 

A inductively coupled plasma time-of-fight mass spectrometer, ICP(TOF)MS  

(Optimass 8000, GBC Scientific) was used for analysis.  The Optimass 8000 utilizes 

orthogonal fight geometry with respect to the incoming ion beam.  A total acquisition 

time of 9 s was set to record the ETV transient; however, data points were stored every 

0.09 s.  Data collection was performed using the analog mode of the instrument.   

Sample introduction was accomplished by using a modified Varian GTA-95 

electrothermal atomizer, which has been previously described.[16]  The 20 µL sample 

introduced into the ETV consisted of 10 µL of the multi-element solution and 10 µL of 

either 1% HNO3 or one of the Pd or Na matrix solutions.  These were dosed into the ETV 

by a Varian ASD-53 autosampler.  After sample introduction and drying stages, the 

GTA-95 sent a trigger pulse that both activated a pneumatically actuated dosing hole plug 

and initiated the data collection routine by the GBC Optimass 8000, which included a 

14.5 s delay before initiating data collection.  The temperature program used for the ETV 

is shown in Table 5.1.  When using the Pd matrix, the 10 µL of the Pd was introduced 

and reduced in the ETV using a 1200oC thermal pretreatment stage [17], viz., program 

steps A-C in Table 5.1.  The 10 µL analyte aliquot was then introduced and the normal 

heating cycle with the addition of an added char stage was performed (step D).  The 

700oC char stage ensured interaction between the analyte and Pd prior to vaporization. 
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Table 5.1.  Varian GTA-95 temperature program 

Program Step Temp. (˚C) Ramp 
time (s) 

Hold time 
(s) 

Dosing 
hole 

plugged 
Pd 

introductiona 
    

Aa 100 10 0  
B a 300 5 20  
Ca 1200 20 30  

Sample 
introduction 

    

1 100 10 15  
2 300 10 15  

Da 700 10 20  
3 300 1 14 * 
4 2800 1.3 5 * 
5 50 13 0 * 
6 2800 1.4 3  
7 50 13 0  

 
*  Dosing hole plug is down and flow is directed through the ETV to the torch.  
Trigger is sent to ICPMS to start data collection cycle.  
a  Thermal pretreatment of Pd modifier only 
 

5.2.3 Procedures 

Table 5.2 lists the plasma, ion optic and orthogonal accelerator parameters used in 

this study.  Plasma and mass spectrometer conditions were initially optimized using a 

MicroMist pneumatic glass concentric nebulizer (Glass Expansion Inc., Pocasset, MA) 

with a cyclonic, water cooled spray chamber and a 100 ppb multielement solution 

prepared from a 10 ppm Varian tuning solution (Solution Plus Inc., Fenton, MO).  Once 

conditions were optimized, sample introduction was switched from the nebulizer to the 

ETV.  Also, upon switching to the dry plasma, the r.f. power was set to 0.7 kW instead of 

1.2 kW.   
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Table 5.2 Instrument parameters based on optimized Ar plasma used with mixed metal 
standards. 

Instrument 
Parameter 

GBC 
Optimass-8000  

(Ar Plasma) 

Plasma Power 700 W 
Plasma Flow 13.0 L/min a 

Auxiliary Flow 1.5 L/min 
ETV Flow 1.2 L/min 

Sampling Depth 8 mm  b 

Skimmer -700 V 
Extraction -1,200 V 

Z1 -700 V 
Y Mean  -75 V 

Y Deflection -3 V 
Z Lens Mean -1,150 V 

Z Lens Deflection -25 V 
Lens Body -170 V 

Fill -38 V 
Fill Bias  0.0 V 
Fill Grid -20 V 

Pushout Plate  510 V 
Pushout Grid -530 V 

Reflectron 580 V 
Detector 3,200 V 

 

a  Plasma gas flows are 12.74 L/min (Ar) + 0.26 L/min (N2) for the mixed gas 
plasma. 
b  Sampling depth was change to 5 mm when the mixed gas plasma was used. 

 

It has been shown that working at lower power with the Optimass 8000 provides 

better sensitivity under dry plasma conditions and avoids the formation of a secondary 

discharge.[18]  Final settings were fine tuned by performing multiple ETV firings.  
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Interestingly, only the extraction lens was found to require a much larger negative 

potential and was adjusted accordingly.  This procedure was used for both Ar and Ar-N2 

plasmas.  

It should be noted that for the Ar-N2 plasma, the N2 had to be slowly introduced 

after the plasma was ignited with Ar flows only.  The N2 was sent to the outer plasma gas 

from a mass flow controller (Brooks Instruments, Model 5878, Ontario, Canada) through 

a T-connection positioned 60 cm away from the torch to ensure adequate gas mixing.  

While previous literature with wet plasmas frequently used as much as 10% N2 [7, 8] and 

found encouraging results, exceeding 2% N2 to the outer gas in this study produced 

decreased sensitivity, plasma instabilities and eventual plasma extinction.  It is very likely 

that the upper limits of N2 addition are imposed by the r.f. coupling geometry, range of 

tuning capacitors and power delivered.   

5.3 RESULTS AND DISCUSSION 

5.3.1 Torch position  

The plasma position was optimized with respect to the sample cone for both 

plasma gas compositions studied.  Optimum analyte sensitivities occurred at a lower 

sampling depth with N2 introduction, reflecting the reduction in the overall plasma 

volume which has been reported by others.[19, 20]  Sampling depths (measured from 

torch end to sampling cone tip) of 8 mm and 5 mm were used for Ar and Ar-N2 plasmas, 

respectively.  For reference, the top of the load coil is an additional 7 mm past the end of 

the torch.  All other parameters were identical for the two plasmas and represented 

optimal settings.  

In previous studies with nebulizers, the torch position was held constant and the 

nebulizer gas flow was used to optimize the signal from the Ar-N2 plasma.[8, 20]  In this 
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study, ETV gas flow rate that supported the central channel was not changed to ensure 

that any change in signal was not being affected by alterations in the aerosol transport 

from the ETV to the plasma.  

5.3.2 Plasma Sensitivity  

Without any matrix added, analyte sensitivity for the Ar-N2 plasma averaged 83 

(± 4)% lower than the Ar plasma using the ETV.  Such a reduction in analyte sensitivity 

with the addition of N2 to the outer plasma gas has been reported by others using solution 

nebulization.[7, 8]  In both studies cited, analyte sensitivity was found to decrease with 

increasing N2 from 2- 10%.  Xiao and Beauchemin [8] also showed that by increasing 

nebulizer gas flow rate and correcting for nebulization efficiency, losses in sensitivity 

could be minimized in the Ar-N2 plasma.  Assuming droplet distribution does not impact 

plasma conditions, Xiao and Beauchemin [8] found average analyte sensitivities under 

optimum plasma conditions to be 41 (±11)% lower compared to an Ar plasma at 1.2 kW 

with 2% N2, except for As, Sb, Mo, and V.  The addition of up to 10% N2 at 1.2 kW 

caused further reductions of 57 (± 10)%.[8]  These findings are in contrast to an earlier 

study reporting overall enhancements [20] where the effect of changing nebulizer gas 

flow rates between the two plasmas was not taken into account.  A decrease in analyte 

sensitivity may be, in part, attributed to the energy consumed by N2 dissociation; and 

considering that the plasma in the present study was operated at almost half the r.f. 

power, the average 83% loss in analyte sensitivity may not be unexpected. 

5.3.3 Selection of matrix elements  

The matrices chosen for this study were NaNO3 and Pd(NO3)2.  NaNO3 was 

selected due to the prevalence of Na in biological and natural water samples as well as its 

use in other earlier studies relating to Ar-N2 plasmas with solution nebulization, while 
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Pd(NO3)2 was selected due to its well-known use as a physical carrier in ETV-ICPMS 

(e.g., refs [17, 21-24])  Physical carriers are typically added in amounts of approximately 

1 µg to the ETV and have been suggested to provide additional nucleation sites for aiding 

in analyte particle formation and transport to the plasma.[21, 25]  Na and Pd were also 

selected because of their distinctively different vaporization temperatures, ionization 

potentials (5.14 and 8.34 eV, respectively), and m/z .  

5.3.4 Impact of matrix on Ar and Ar-N2 plasmas  

Figure 5.1 shows the normalized signal of several analytes monitored with respect 

to increasing amounts of matrix.  The normalized signal is the ratio of the blank corrected 

analyte signal in the presence of either Na or Pd to the signal detected in their absence.  

The relative standard deviation of each point represented in Figure 5.1 is equal to or less 

than + 5%.  Relative appearance times are listed on the abscissa, with 209Bi arriving first 

and 88Sr arriving last.  Comparing the data for both plasmas in Figure 5.1, smaller signal 

depressions are observed for the Ar-N2 plasma when either matrix approaches 1 µg or 

greater.  A similar trend was also reported previously for nebulizer-based sample 

introduction.[8]  
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Figure 5.1 Analyte signals normalized to their intensities in the absence of a matrix are 
shown for 0.1, 1 µg, and 5 µg of Na and Pd in an Ar-N2 plasma and Ar 
plasma.  Relative appearance times are listed for each analyte in the absence 
of matrix in the upper left hand graph. 

5.3.5 Effect of Na addition 

Signal profiles of 208Pb+, 74Ge+, 59Co+, 88Sr+, 23Na+, as well as the Ar dimer 

(80Ar2
+) are plotted in Figures 5.2 and 5.3 for the Ar and Ar-N2 plasma, respectively.   
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Figure 5.2  Effect of Na mass on 208Pb+, 74Ge+, 59Co+, 88Sr+ and 80Ar2
+ for the Ar plasma.  

23Na+ and 80Ar2
+ are placed on the secondary axis and the 80Ar2

+ intensity 
has been multiplied by a factor of 5.  Open squares in the 0.1µg 23Na+ signal 
indicate the region where a non-linear response in signal intensity is present.  
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Figure 5.3 Effect of Na mass on 208Pb+, 74Ge+, 59Co+, 88Sr+ and 80Ar2
+ for the Ar-N2 

plasma.  23Na+ and 80Ar2
+ are placed on the secondary axis and the 80Ar2

+ 
intensity has been multiplied by a factor of 50. 



 101

The analyte signal profiles displayed were selected to provide a range of appearance 

times that were representative of a larger number of analytes monitored.  Like the analyte 

signals in absence of matrix, the 23Na+ signal with N2 is ca. 14% of the intensity seen 

using the Ar plasma.  The measurements to determine this intensity ratio of 23Na+ 

employed only the trailing edge of the 23Na+ signal once the 80Ar2
+ returned to its initial 

value in the Ar plasma.  Peak areas of the respective Na signals were not used because a 

significant fraction of the 23Na+ signal in the Ar plasma is too large (i.e., out of the linear 

calibration range) and, at nearly the same time, the 80Ar2
+ suppression suggests major 

plasma perturbations.  This region is highlighted in Figure 5.2 for 0.1 µg Na in the Ar 

plasma.  The same measurement problems also appear at 1 µg and 5 µg in both plasmas.  

The apparent drop in ion transport through cones and optics with the added N2 may be the 

simple explanation for the reduced “immunity” to a matrix for the mixed gas plasma, e.g., 

depressions with 0.1 µg Na using an Ar plasma appearing similar to 1 µg with the mixed 

gas plasma. 

Figure 5.1 also shows that a greater depression is observed for analytes with 

earlier appearance temperatures, i.e., those elements that arrive at the plasma coincident 

with the bulk of the Na.  Again, consistent with mass transferred to the MS noted 

previously, the mixed gas plasma requires ca. 10 fold more Na to produce the same effect 

as the Ar only plasma.  In contrast, more refractory elements such as Al and Sr exhibit 

enhanced signals as Na reaches the 1 and 5 µg levels.   

Since stability of plasma gas constituents may serve as an indication of plasma 

stability, the 80Ar2
+ was monitored and is included in Figures 5.2 and 5.3.  The 80Ar2

+ is a 

species formed in the plasma [26] and/or interface [27] and has been suggested as a 

diagnostic tool of plasma loading and non-spectroscopic interferences in both wet and dry 

plasmas.[28-30]  Pressure pulses from rapidly heated, expanding gases have been shown 
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to produce a perturbation in the dimer signal, this pressure pulse is largest at the start of 

heating and moves at the speed of sound to arrive at the ICP at least 1 s in front of the 

transported mass.[31]  Similarly, rapid decomposition of a matrix yielding a gas such as 

the decomposition of a nitrate salt could produce a pressure pulse.  However, even with 1 

µg NaNO3 vaporized over 1 s the instantaneous gas flow would alter the flow by less 

than 1 mL/min and is likely not significant.   

In Figures 5.2 and 5.3, the 80Ar2
+ suppression coincides directly with the 

appearance of the Na+ peak and becomes more severely attenuated and lasts longer as 

more Na is introduced.  Similar observations have been seen by other authors when using 

high concentrations of chemical modifiers [17, 23, 29] or sample matrices [30].  The 
80Ar2

+ suppression by the Na matrix is not as extreme in the Ar-N2 plasma.  More 

importantly, the extent of analyte suppression appears to be linked to the suppression 

experienced by 80Ar2
+.  The correlation can be seen by monitoring 80Ar2

+, 74Ge+, and 88Sr+ 

as the Na concentration is increased in both plasmas and relating the impact back to the 

results in Figure 5.1.  More refractory elements such as Sr are impacted to a lesser degree 

because they appear later in the transient, once 23Na+ intensity has decreased and the 
80Ar2

+ intensity has nearly returned to its initial intensity prior to sample introduction to 

the plasma.   

It is interesting to note that peak intensities for 88Sr+, 59Co+, 74Ge+ appear to shift 

later in time when the 80Ar2
+ is suppressed, while the trailing edge of volatile elements 

like 208Pb are seen to a terminate earlier.  This may be a simple consequence of the 

suppressive effect of sodium’s presence that is coincident with the trailing edge of the 

volatiles and the leading edge of the refractories.  The overall effect once again is more 

pronounced in the Ar plasma where the Na+ density is larger.  In fact, the 208Pb+ signal 

with 5 µg Na shows double peaks in the Ar-N2 plasma instead of a strong suppression of 
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the trailing edge observed with the Ar plasma.  Gregiore and Sturgeon [29] and Fonseca 

and Miller-Ihli [17] have shown that excessive use of matrix modifiers can lead to the 

formation of double peaks in analyte elements and 80Ar2
+ suppression which are 

coincident with maximum matrix ion intensity.  Enhancements of a few refractory 

elements at 1 µg of Na and only of the most refractory (Al and Sr) at 5 µg in the Ar-N2 

plasma (Figure 5.1) may be attributed to a physical carrier effect where there is sufficient 

matrix to improve transport but not a sufficient amount to depress the signal.  This may 

also explain the enhancements seen for the volatile elements with 0.1 µg Na added.  In 

cases where enhancements were seen, the 80Ar2
+ was near its initial intensity.  In short, 

possible transport enhancements can be counter balanced or masked by the depressive 

effects caused by space charge repulsion from the large Na+ density.   Space charge 

repulsion occurs when an ion beam is intense enough to cause a radial electric field that is 

significant with respect to externally applied electrostatic fields.[32]  As a consequence 

of this electric field, the ion beam becomes defocused and fewer analyte ions are 

generally detected.      

5.3.6 Effect of Pd addition  

In order to diagnose the effects of Pd shown in Figure 5.1, signal profiles of 
208Pb+, 74Ge+, 59Co+, 88Sr+ and 80Ar2

+ were plotted in Figures 5.4 and 5.5 for the Ar and 

Ar-N2 plasmas, respectively.  The 102Pd+ (1% isotopic abundance) was also monitored.  

Figure 5.1 shows that both plasmas exhibit similar results with 0.1 µg of Pd.  In fact, 

slight analyte enhancements are experienced by 75As+, 63Cu+, 58Ni+, 59Co+, 9Be+, and 
27Al+, which have peaks that are coincident with the 102Pd+ peak.   
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Figure 5.4 Effect of Pd mass on 208Pb+, 74Ge+, 59Co+, 88Sr+ and 80Ar2
+ for the Ar plasma.  

102Pd+ and 80Ar2
+ are placed on the secondary axis and have been multiplied 

by a factor of 10 and 5, respectively.   
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Figure 5.5 Effect of Pd mass on 208Pb+, 74Ge+, 59Co+, 88Sr+ and 80Ar2
+ for the Ar-N2 

plasma.  102Pd+ and 80Ar2
+ are placed on the secondary axis and have been 

multiplied by a factor of 10 and 50, respectively.   
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Enhancements using Pd(NO3)2 have been reported by other researchers using ETV-

ICPMS and were attributed to an improvement in physical transport.[17, 21, 23, 24, 33, 

34]  In general, complete stabilization of the volatile elements in the ETV (i.e., shifting 

vaporization to elevated temperatures) required at least 1 µg of Pd. 

Pd amounts of 1 and 5 µg produced suppressions for all elements monitored in 

both plasmas (Figure 5.1).  The ion signals are also more attenuated as they are shifted 

later in time and become more coincident with the Pd.  The Ar plasma showed greater 

signal attenuation (relative to matrix-free samples) for a given amount of added Pd but, as 

with studies of added Na, produced a larger absolute signal for both analyte and matrix.  

As noted with Na, the 80Ar2
+ became more attenuated as Pd mass increased as well.  

Signal depression with Pd additions in excess of 1 µg have also been reported by other 

authors.[17, 21]  Ediger and Beres [21] speculated that analyte signal suppression could 

be caused by either coalescence of carrier and analyte on to the cooler ends of the furnace 

and transport tube or by space charge repulsion in the mass spectrometer.[21]  Since 

suppressions are not similar between both plasma, condensation of analytes to the cooler 

ends of the furnace is not a reasonable explanation.    

The 102Pd+ peak intensity plateaus at approximately 6.5 x 106 (e.g., 7.5 x 107 in 

Figure 5.4) in the Ar plasma beyond 0.1 µg.  The 102Pd+ signal plateau is not seen in the 

Ar-N2 plasma, which would eliminate the plateau being caused by the ETV.  

Furthermore, 102Pd+ plateaus about an order of magnitude lower than 106Pd+ (not shown), 

which is approximate 27 times larger in isotopic abundance.  106Pd+ detector/counter 

saturation was confirmed through viewing intensity vs. m/z over the course of the ETV 

transient through Optimass 8000 software; however, 102Pd+ did not.  It is not apparent 

why 102Pd+ plateaus in intensity early, but this effect does appear to be real (i.e., it is not 

detector/counter saturation related).  It should be noted that although the 102Pd+ does not 
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appear to plateau in the Ar-N2 plasma, the peak area does not respond linearly from 1 to 5 

µg (Figure 5.5).  Interestingly, a similar plateau in 102Pd+ might be observed in the Ar-N2 

plasma if Pd concentration was increased further. 

Plots of normalized analyte signal as a function of either ionization potential or 

m/z did not show any trend that might indicate Pd or Na matrices were affecting 

ionization efficiency or that there was a mass dependence of the depressions.  The 

independence of mass also suggests that space charge alone could not be used to explain 

the results.  Isolating an explanation is complicated by the time dependant nature of 

analyte and matrix arrival at the plasma.  However, similar suppressions are seen both 

with Na and Pd at 1 and 5 µg even though four times as many moles of Na are introduced 

for the same nominal matrix mass.  This stronger dependence on Pd would be an 

indication pointing toward space charge.[32] 

5.3.7 Effect of sampling depth 

Other researchers have claimed that decreasing the nebulizer flow rate [5], sample 

uptake rate [5] or r.f. power [6] under heavy matrix conditions using nebulizers creates a 

more robust environment in ICPMS.  However, they experienced a loss in analyte 

sensitivity just as is the case with N2 addition.  It is possible that the plasma is no more 

“robust” but that the previous changes simply reduced analyte and matrix ion flux to the 

analyzer.   

In an attempt to determine the effect of the matrix ion density, an identical analyte 

sensitivity as experienced in the Ar-N2 plasma was achieved in the Ar plasma by 

increasing the sample depth from 8 mm to 13 mm.  Changing the sampling depth was 

intended to attenuate the analyte ion flux entering the analyzer by permitting increased 

radial diffusion, i.e., analyte dilution at the sampling cone entrance.  At 13 mm, all 

elements other than 9Be were decreased by 86 (± 2)% from their signal intensities at 8 
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mm.  It is not clear why 9Be only decreased by 50%.  The results of the increased sample 

depth with the use of 1 µg Na can be seen in Figure 5.6.   

 

 

Figure 5.6 Analyte signals normalized to their intensities in the absence of sodium are 
shown for 1 µg of Na in optimized Ar-N2 and Ar plasmas.  The right hand 
figure compares the signals in an Ar plasma at two different torch-to-
sampling cone distances, 8 and 13 mm.   

To ensure consistency, the 8 mm sampling depth experiments were rerun, 

sequentially with the 13 mm depth experiments and several days after the original 8 mm 

data was collected.  As a testament to the long term reproducibility of the plasma, there 

was a less than + 0.05 error in the two sets of normalized intensity data. 

Comparison between the Ar plasma at 13 mm and the Ar-N2 plasma show that 

analyte suppression was minimized and enhancements did occur for 27Al+ and 88Sr+.  

However, normalized signal ratios are not exactly identical, which could possibility be 

due to actual effects caused by the N2 gas.  Results of increasing sampling depth with the 

addition of Na through solution nebulization of Sc+ at fixed power and multiple flow 

rates for an Ar plasma was shown by Tan and Horlick [35] to be opposite of that shown 
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here at first glance; however, analyte sensitivity in their case was shown to increase as 

sample depth was increased.  In the end, they concluded matrix effects appeared to be 

caused by disturbance of the ion beam in the mass spectrometer.  

5.4 CONCLUSIONS  

It appears that space charge effects in the analyzer are primarily responsible for 

the suppression of the analyte signal and the Ar dimer when high concentrations of 

matrix elements are present.  Although the data shows that analyte suppression by 

significant matrix concomitants was minimized with the addition of 2% N2 to the outer 

plasma gas, this was accompanied by an 80% loss in analyte sensitivity.  Similar effects 

were experienced using the Ar plasma under non-optimum conditions (i.e., increasing the 

sampling depth).  Based on the data collected, a strong correlation exists between the 

number of matrix ions detected by the mass spectrometer and analyte attenuation.  

However, some positive contribution by using the Ar-N2 plasma cannot be totally ruled 

out.  Results also indicate that analytes covolatilizing with the matrix can be enhanced as 

long as these improvements are not counter balanced by the deleterious effects of space 

charge within the analyzer.  The enhancements are likely the result of transport issues 

from the ETV to the ICP.  

 ETV introduction provides the advantage of permitting the introduction of large 

masses of analyte and matrix to the ICP.  However, it is more difficult to evaluate the 

dependence of the matrix on various analyte characteristics (e.g., ionization potential, 

mass) since the extent of overlap between analyte and matrix is a function of the 

thermochemical properties of the material and the ETV heating cycle.  The use of the 

time-of-flight mass analyzer minimizes this dilemma since all masses can be 

simultaneously monitored without sensitivity loss.  Thus, by monitoring a large suite of 
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analytes one can find, for example, different elements that exhibit high or low ionization 

potentials that appear coincident with or separated from the matrix pulse.   

Additionally, with simultaneous, multimass detection of the time resolved signals, 

one can potentially correlate intensity alterations with the dynamically changing 

composition of the plasma.  Thus, it might be possible to treat each set of m/z data points 

at each recorded time gate (e.g., every 0.09 s in the current collection mode) from a single 

ETV firing as a separate measurement set.  This approach was not exploited in this paper. 
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Chapter 6: Conclusions and Future Work 

6.1 CONCLUSIONS 

In this thesis, electrothermal vaporization (ETV) has been shown to be a viable 

alternative to solution nebulization as a sample introduction source to an inductively 

coupled plasma mass spectrometer (ICPMS).  In fact, it offers the additional option of 

introducing either solids or slurries, which can minimize sample preparation for analyses.  

Furthermore, the ETV has the capability of temporally separating analyte species 

provided significant differences in volatilities exist.   

The ability to perform multi-metal analysis on an ETV transient has long been 

underestimated.  However, several authors have recently indicated that at least 20 

individual ion signals could be monitored on a single ETV transient with a conventional 

quadrupole mass analyzer while maintaining acceptable accuracy and precision.[1, 2]  

Furthermore, it has been shown in this thesis that > 200 individual ions could be 

monitored providing the transient signal was broadened (e.g., SBSR or square wave 

generator).  Although not attempted, a time-of-flight mass spectrometer ICP(TOF)MS 

could easily accomplish the same feat without transient broadening devices due to its 

high data acquisition rate.   

While matrix effects are complicated, they are in no way exclusive to ETV 

sample introduction.  In general, matrix effects tend to be more extensive in ICPMS than 

ICP emission spectroscopy [3], which gives credence to the fact that the mass analyzer is 

partially responsible for their occurrence.  It appears from work conducted here as well as 

by others [4, 5] that simply diluting the sample in some manner may be the easiest 

solution to alleviating matrix effects caused by concomitant elements.   
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6.2 THE FUTURE OF ETV-ICPMS  

  The advent of ICP(TOF)MS may be the key to bringing transient sample 

introduction techniques such as electrothermal vaporization to the forefront of ultra-trace 

metal analysis.  Also, micro-sample volumes are becoming more prevalent in scientific 

fields such as biology [6] and forensics [7].  In fact, some analytical laboratories are 

pushing the limits to study elemental concentrations within single cells [8].  The ETV is a 

perfect solution with its ability to handle small volumes (i.e., 1- 10 µL) and increased 

transport efficiency for lower limits of detection compared with solution nebulization.   

The ETV is typically avoided as an analytical technique due to its low throughput 

(e.g., 20 sample/hr) and immense power requirements (e.g., 3.3 kW).  However, a 

multiplexed ETV system composed of low power tungsten filaments designed by 

Venable and Holcombe [9] highlights the possibility of 120 sample/hr, which if coupled 

with the TOFMS and automated could be extremely powerful analytical tool.  
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Appendix A 

A.1 DESIGN OF SQUARE WAVE GENERATOR 

A.1.1 General Description  

Some of the operational and design details of the square wave generator have 

been mentioned in chapter 2; however, supplemental information is provided in this 

appendix.  The purpose of this appendix is to give future users specific information as to 

the electronic circuits and software control for generator operation and repair.   

Power supplies and 
motor direction 

circuitry 

24 VDC
power 
supply

Valve 
control 
circuitry

Screw 
terminal
board

a b

c

d e

Piston and drive assembly

National Instruments 
PCI-6503 
DIO card

P133
Computer

50 pin 
ribbon cable

30”

16”

 

Figure A.1 Instrument layout detailing the location of major parts: (a) and (b) 120 VAC 
three-way solenoid valves, (c) 5 VDC power supply, (d) 12 VDC fan, and 
(e) pressure sensor. 

An overall instrument layout is shown in Figure A.1.  The system is controlled 

through the use of a Pentium 133 MHz computer equipped with a National Instruments 

DIO (digital input/output) card.  All components are screw mounted on a ¾ in. wood base 
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platform.  Software was written in Labview® and is discussed in more depth in section 

A.3 of this appendix.   

A.2 ELECTRONICS 

All instrument communications between the computer and the hardware run 

through a 50 pin screw terminal board to the DIO card located in the computer.  The card 

is equipped with 24 digital input/output channels divided into three 8 bit ports A, B and 

C.  A pin-out of the 50 pin screw terminal showing the functions performed can be seen 

in Table A.1.  All A channel ports are set for digital outputs, while all B channel ports are 

set to receive digital inputs.  Channel C ports are not active. 
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Table A.1 Pin-out for PCI-6503 DIO card  

Pin DIO  Function Pin DIO  
1 PC7 NC 2 DCGND 
3 PC6 NC 4 DCGND 
5 PC5 NC 6 DCGND 
7 PC4 NC 8 DCGND 
9 PC3 NC 10 DCGND 
11 PC2 NC 12 DCGND 
13 PC1 NC  14 DCGND 
15 PC0 NC 16 DCGND 
17 PB7 NC 18 DCGND 
19 PB6 NC 20 DCGND 
21 PB5 NC 22 DCGND 
23 PB4 Side A piston contact 24 DCGND 
25 PB3 NC 26 DCGND 
27 PB2 ETV read signal 28 DCGND 
29 PB1 NC 30 DCGND 
31 PB0 Side B piston contact 32 DCGND 
33 PA7 NC 34 DCGND 
35 PA6 Input to U1 for outlet valve 36 DCGND 
37 PA5 NC 38 DCGND 
39 PA4 Input to Q1 for Motor direction relay 40 DCGND 
41 PA3 Input to Q2 for Side A relay 42 DCGND 
43 PA2 Input to Q3 for Side B relay 44 DCGND 
45 PA1 NC 46 DCGND 
47 PA0 Input to U2 for inlet valve 48 DCGND 
49 5 VDC NC 50 DCGND 

 

A.2.1 Circuit Descriptions 

 A schematic for the in-house built (+24 VDC, +15 V, -15 V, and +8 V) 

power supplies is shown in Figure A.2.  The circuit board which contains the circuit 

below is located in the power supplies and motor direction circuitry box seen in Figure 

A.1.  The +24 V supply is used for controlling the motor direction relays which will be 
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shown in more detail in Figure A.3.  The +15 V and -15 V regulators are use to supply 

the operational amplifiers in the pressure feedback circuit while the +8 V regulator is for 

the pressure sensor (See chapter 2).  

 

 
 

Figure A.2 Schematic of in-house power supply board. 

Also, AC power to a +24 V commercial power supply is located in the power 

supplies and motor direction circuitry box.  The +24 V commercial power supply is used 

to power the DC motor, which moves the piston (See Figure A.3). 

The electrical schematic for controlling the motor/piston direction is presented in 

Figure A.3.  It is important to note, the motor/piston direction and pressure sensor circuit 

in chapter 2 share the same circuit board. 
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Figure A.3 Schematic of motor direction circuitry. 

The same treatment of cylinder side designation (e.g., side A and B) has been 

maintained from chapter 2.  The relays are displayed in their de-energized state.  System 

initialization will drive the outputs on the DIO card pins 39, 41, and 43 low and the 

piston will be driven to toward side A.  Once in contact with side A, the input to pin 41 

(base of Q2) will go high causing the side A relay to energize.  The motor is now unable 

to move until an ETV trigger pulse (i.e., +5 V read signal) is received.  The read signal 

command is set in the temperature program on the Varian GTA-95.  Upon receiving the 

ETV trigger pulse, the input to pin 39 (base of Q1) will go high and the motor relay will 
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reposition to allow the motor to run to side B.  The input on Pin 41 will go low once the 

piston loses contact with side A.  After contacting side B, the input to pin 43 (base of Q3) 

will go high and energize the B side relay.  The motor is now stopped once again and will 

wait for the next ETV trigger.  The relays will continue to toggle positions as ETV 

triggers are applied in order to maintain the motor direction to one side or the other. 

The final circuit, Figure A.4, controls the valves to and from the cylinder and is 

located in its separate box (See Figure A.1).  The inlet and outlet valves are in there de-

energized state when aligned to side A.  The valves will switch to side B when DIO pins 

35 and 47 are high (e.g., +5 V).  Furthermore, the +5 V is supplied to the transistors on 

the motor direction control circuit (Figure A.3). 
 

 

Figure A.4 Schematic of valve control circuitry. 
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A.3 LABVIEW® SOFTWARE  

This section is intended to familiarize the user with the front panel displays and 

how the program functions.  A discussion of all software code is beyond the scope of this 

appendix.    
 

 

Figure A.5 Front panel display for piston program at start up in Labview® software. 

Shown above in Figure A.5 is the front panel which appears when the piston 

program is launched.  The front panel displays the status of the piston, valves, and motor 

direction.  The Contact A (or B) indicator is only lit when the piston has reached the end 

of travel at side A (or side B).  The limit switch A (or B) indicator refers to the status of 

the side A (or side B) relay, which was mentioned earlier in section A.2 (See Figure A.3).  

The read indicator is lit if a +5 V ETV trigger pulse is present.  Lastly, the most 
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important feature located on the front panel is the control menu.  Three options available 

under this menu are initialize, run, and exit.   

The system should be initialized prior to use in order to establish a known 

condition.  Once initialize has been selected, the piston should travel and stop on side A, 

and the inlet and outlet valves should be positioned to maintain flow through side A.  As 

discussed in chapter 2, there is a notch present in the cylinder end caps to allow flow 

through even though the piston has reached the end of travel.  Once the system is 

initialized, the user can chose the run option for normal system operation.  The front 

panel display will change to that shown in Figure A.6 after the run option has been 

selected.  On the new front panel display, time values must be entered for the read signal 

delay, sample repetition delay, and spectrometer trigger delay.  The read signal delay is 

the time from when the ETV sends its +5 V trigger pulse until the outlet valve on the side 

being filled closes and piston assembly moves.  The time is set in order to allow the 

analyte to traverse the tubing length between the ETV and cylinder.  If the time is set too 

long or too short, all analyte may not be captured in the cylinder.  It is best to place the 

mass spectrometer in a continual scanning mode while adjusting the read delay time.  The 

sample repetition time is set to ensure the piston is not triggered twice on the same ETV 

trigger once the piston has reached the end of travel.  This time will depend how long the 

ETV trigger pulse is being sent out from the ETV after the piston has reached its end of 

travel.  The mass spectrometer trigger delay is the time delay from when the piston starts 

to expel the analyte to the ICP until the mass spectrometer is told through a serial 

command to start recording data.  The read signal 2 indicator will light once the 

spectrometer trigger delay has lapsed.  The last option is exit, which will terminate the 

program.      
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Figure A.6 Front panel display for piston program during run option. 
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