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The aim of this book is twofold: to introduce the topic of inorganic mass spec- 
trometry to the nonpractitioner of the technique and to familiarize those conver- 
sant with it with recent developments in some of the foremost laboratories in the 
world. The book should be of value to industry, academia, and government labora- 
tory staff and should appeal to both national and i n t e ~ a t i o n ~  audiences. It is 
written so that a college senior majoring in the sciences can follow the discussion 
but has enough technical sophistication to keep it the benchmark for books in this 
field for the next decade. 

This book describes the fundamental operating characteristics of the most 
common inorganic mass spectrometers. At the heart of this discussion is a descrip- 
tion of the various ionization sources that generate a representative analyte popu- 
lation for mass analysis. The initial chapters introduce the mass spectromet~c 
hardware that separates the ionized fractions of analytes, one mass from another. 
The detection schemes used to measure this ion population, and the data process- 
ing systems that permit this information to be of value to the chemical analyst, are 
also discussed. 

Modern mass spectrometers are usually one of four types: magnetic sector, 
quadrupole, time-of-flight, or ion trap. A brief introduction to each is provided. 
Classical applications are discussed to illustrate how these devices have shaped 
the landscape of elemental and isotopic chemical analysis. 

The first two chapters were written by members of the research staff of Oak 
Ridge National Laboratory, Because each type of inorganic mass spectrometer has 
been extensively reviewed in the literature, only short discussions of the funda- 
mentals, ins~mentation, and classical applications are given. Theory is covered 
to an appropriate extent. 

The balance of the book is composed of chapters authored by some of the 
leading experts in the field of inorganic mass spectrometry. The focus of this 
section is specialized topics, with emphasis on new developments in the field in 
the last 10 years. The final chapters focus on what we believe will be the future of 
inorganic mass Spectrometry. 
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iv Preface 

This book is appropriate for anyone with an interest in elemental or isotopic 
chemical analysis. Among the anticipated readership are those from the industrial 
cornunity who are not involved in research per se, but rely heavily on inorganic 
mass spectrometers to make chemical measurements important to their respective 
industries, including semiconductors, aluminum, steel, and materials fabrication. 
Academics and government staff scientists will see this book as an. opportunity to 
learn about current developments in the field without having to spend weeks 
sorting through the literature. Professors of graduate-school courses in mass 
spectrometry will find this a valuable reference for their students. 

Christophe~ M. ~ a r s h i ~ k  
Douglas C. D u c ~ o r t h  

David H. S ~ i t h  



Preface 
Contri~utors 

1. 

2. 

3. 

4. 

5. 

6. 

7, 

. 

9. 

Thermai I o ~ ~ a t i o n  ass Spectrometry 
David H. S ~ i t h  

Glow Discharge Mass S~ectrometry 
Christopher M. ~arshick 

Inductively Coupled Plasma Mass Spectrometry 
John Tjv: Olesik 

Secondary Ion Mass Spectrometry 
Stephen S. Cristy 

tion Mass SpectrQmetry 
ith 

The Emission of Ions from ~i~h-Temperature Condense 

Analysis of a on conductive Sample Types by Glow 

R, ~enne th   arcu us 
Multi ector Inductively Coupled Plasma Mass 
Sped 
Alex N. Halliday, John N. Christensen, Der-Chuen Lee, 
Chris M. Hall, Xiaozhong Luo, and  ark Rehka~per 

Douglas C. D u ~ ~ o r t h ,  J o ~ n  R. Eyler, and Cli~ord H.  ats son 

ass ~~ectrometry 

s and Their A~plication to Elemental Analysis 

iii 
vii 

1 

31 

7 

159 

223 

261 

1. 

9 

11 



Contents 

eme~tal S~ec iat io~  by l ~ o r ~ a ~ c  373 
Karen L. Sutton, Kuthryn L. Ackley, 

~ ~ o ~ i c a l  ~~plications of Secon~ar~ ass ~pect~ometry 415 
Lee R. Ri~iputi 

ass S ~ e c t r o m e t ~  
David l? Myers, Steven J. Ray, and Gary M. Hieftje 

4 ~ 7  

Index 507 



ey 

arshick Oak Ridge ~ational hboratory, Oak Ridge, Tennessee 

University of Cincinnati, Cincinnati, -Ohio 

Josep ~ U L S O  University of Cincinnati, Cincinnati, Ohio 

r~stense~ University of ~ichigan,  Ann Arbor, ~ i c h i g a n  

hen S. Cristy Lmkheed  arti in Energy Systems, Oak Ridge, Tennessee 

e~more Idaho ~at ional  engineer in^ and Environmental tabora- 
tory, Idaho Falls, Idaho 

c k ~ o r t ~  Oak Ridge National kboratory, Oak Ridge, Tennessee 

University of Florida, ~ainesville, Florida 

University of ~ichigan,  Ann Arbol; ~ i c h i g a n  1 

ay ETH Zentrum, Ziirich, Switz~rland 

e Indiana University, ~loomington, Indiana 

U L ~ I L  Lee University of Michigan, Ann Arbor, Michigan 

University .of ~ichigan,  Ann Arbor, ~ i c h i g a n  

rcus Clemson University, Clemson, South Carolina 

yers Leco Corporation, St. Joseph, ~ i c h i g a n  

vii 



viii Contri~uto~s 

John VV. Olesik The Ohio State U n i v e r ~ i ~ ,  Columbus, Ohio 

Stephen J. Ray ~ndiana Universi~, ~loomington, ~ndiana 

~ a r ~  Rehkamper 

Lee R. ~ ~ ~ ~ u t i  Oak Ridge National ~boratory ,  Oak Ridge, Tennessee 

Universitaet ~ u e n s t e ~  ~ u e n s t e ~  Germany 

avid H. Smith Oak Ridge ~at ional  Laboratory, Oak Ridge, Tennessee 

arm L. Sutton Universi~ of ~incinnati, Cin€inna~i, Ohio 

. Watson Universi~ of Florida, Gainesville, Florida 



as 

Oak RidgQ ~ a ~ i o n a l  ~ a b o r a ~ ~ ~  
Oak Ridge, ?ennessee 

1.1 I 

Thermal (or surface-the two terms are synonymous in this context) ionization 
has a long history in the measurement of isotope ratios. It has seen widespread use 
in the determi~ation of atomic weights [l], age dating in geological applications 
[2], and in various nuclear applications [3]. Quantitative results can be obtained 
through the technique of isotope dilution (see Chapter 5). In this guise, it has 
entered fields previously closed to it, including the environment [4,5] and nutrition 
[6,7]. Its primary attractions are its high sensitivity for many elements and its good 
precision and accuracy. This topic has been the subject of several recent review 
articles [8,9]. 

In thermal ionization, ions are produced by the interaction of analyte species 
with a heated surface, which is usually a metal. No other source of energy is used. 
Most commonly, singly charged metal ions are monitored in the analysis, but this 
is not invariably so. If negative ions are monitored, an oxide species is often a 
better choice than the metal ion. Significant work in the last few years has led to 
new appreciation of this hitherto neglected area of research [lo]. 

Not all elements are amenable to thermal ionization, positive or negative. It 
is obvious that elements whose natural state is a gas cannot be addressed by this 
technique. In addition, some elements are too volatile; others have a first ioniza- 
tion potential too high, and a few, such as mercury, display both characteristics. 
Generally speaking, solid elements with first ionization potentials below about 7.5 
eV can be analyzed through measurement of positive ion beams. Use of silica gel 

I 
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Isotope ratio only d e ~ r ~ n a b l e  by the use of at feast one radioactive isotope 

Positive thermal ions preferably used 

Negative thema1 ions preferabiy used 

Elements amenable to thermal ionization, positive or negative. (From Ref. lo.) 

or other ion emitters, however, extends application to elements with high first 
* nization potential (IP) and high volatility; for example, zinc (IP = 9.4 eV) has 
een successfully analyzed by using silica gel. Figure 1.1, taken from a recent 

review by Heurnann [lo], identifies for most elements which of the two ionization 
modes is preferable; it also identifies which elements are amenable to analysis 
using isotope dilution. 

The first observation of positive ions emitted from a salt on a heated surface was 
reported by Cehcke and ~eichenheim in 1906 [ 1 11. The method was first applied 
in mass spectrometry by Dempster in 191 8 [ 121. Kunsman performed pioneering 
studies of the mechanism and of means of controlling ion production [13,14]. 
Langmuir and Kingdon modified the Saha equation (which is applicable only to 
plasmas) to provide a theoretical understanding of the process in 1925 [ 151; this 
topic is treated in more detail later. As greater understanding of the process was 
achieved, various means of expanding application of the technique were devised. 
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Most of these involved modifying the ionizing surface in some manner that made 
production of positive ions more efficient. Some involved changing the surface 
entirely, as in the use of silica gel [ 161. Other ionization-enhancing techniques 
involved altering the surface to one of higher work function, as in introducing 
carbon into a rhenium substrate [ 171. An overlayer of a material of high work 
function, generated through either electroplating or other means, is another 
method that has been successfully applied [18,19]. These topics are treated in 
more detail later in the chapter. 

To the best of the author's knowledge, no treatment of the theory underlying 
thermal ionization has appeared since the description by Kaminsky over 30 years 
ago [20]. As his book is no longer listed in Books in Print, it seems desirable to 
include a description of it here, if only for reference. The following treatment 
follows that of Kaminsky. In these equations, subscripts (+) and (0) are used to 
refer to the state of the atom on the surface, representing, respectively, the singly 
charged positive ion and the atom, and subscripts (i) and (a) are used to refer to the 
species (ions and atoms, respectively) leaving the surface. 

The theory of thermal ionization starts with the work of Langmuir and 
Kingdon [ 151, who derived an equation from first principles that describes a gas- 
phase atomic beam impinging on a hot metal surface; the atoms adsorb on the 
surface and then desorb from it, partly as atoms and partly as singly charged 
positive ions. The length of time the impinging species remains on the surface is 
called the mean residence time, 7, and T ~ ,  for atoms and singly charged positive 
ions, respectively. The desorption process is described by a first-order rate law. 

(1.1) 

where No is the steady-state flux of the atomic beam impinging on the surface; 
the subscripts x and i represent atoms and ions, respectively; and Ntx is the flux of 
desorbing ions or atoms leaving the surface t seconds after interruption of the 
impinging beam. A plot of log Ntx versus time yields a straight line whose slope 
is 1hx. 

To describe the efficiency of ion forrnation, it is useful to define two 
parameters, the degree of ionization and the ionization coefficient. "hese are 
defined as follows: 

Ntx = No exp (- thx)  

a = NilNa t 1 .2) 
p = NilN t 1.3) 

where a is the degree of ionization and f3 the ionization coefficient; Ni and Na are 
the numbers of singly charged positive ions and atoms, respectively, leaving the 
hot surface per unit area per second; N is the flux of atoms impinging on the 



4 

surface per unit area per second. On the assumption that a steady state is achieved, 
the numbers of atoms impinging on the surface must equal the sum of the atoms 
and ions leaving: 

N = Na 4- Ni (1.4) 

Langmuir and Kingdon used Saha’s original work [21], which was developed for 
plasmas, as a starting point to derive an expression for a in terms of experimental 
parameters. In the absence of an external electric field the equation is written 

(1.5) 

This is the famous Saha-Langmuir equation. In it, g+/g, is the ratio of the 
statistical weights of the ionic and atomic states, @ is the work function of the 
surface, I is the first ionization potential of the element in question, k is the 
Boltzmann constant, and T is the absolute temperature. Note that g+/g, is close 
to 1 for electronically complex elements; for simpler elements it can take on a 
variety of values depending on how many electronic states can be populated in the 
two species; for alkali atoms, for example, it is often %. A t t a i ~ e n t  of thermo- 
dynamic equilib~um was assumed in the derivation of this equation, and it is 
applicable only to well-defined surfaces. 

Much experimental effort has been expended to confirm this equation. Early 
work was compromised by the difficulty in obtaining a good enough vacuum. 
Oxygen was the primary troublemaker; oxygen bonds with most metals, forming a 
layer on the surface that has properties different from those of the pure metal and 
that interacts with the i m ~ i n g i n ~  atoms. Figure 1.2 illustrates the situation; it takes 
only a few seconds at torr for a monolayer of oxygen to form on tungsten 
surfaces [22]. This effect has been experimentally investigated by Kawano et al. 
[23]. Kaminsky measured residence times of alkali atoms on clean and gas- 
covered tungsten surfaces and found that they were about 100 times longer on the 
gas-covered surface [24]. Desorption energies for the ions were also affected by 
gas coverage, 

The Saha-L~gmuir equation has been used to obtain both ionization poten- 
tials [25] and work functions [26]. Measuring ion beam intensities at several 
different temperatures and plotting their logarithms vs. 1/T yield a straight line 
whose slope is (0 - I)/k. If either 0 or I is known, the other is readily calculated. 
Hertel introduced a method of measuring ionization potentials that was indepen- 
dent of the work function of the surface, using instead as reference an element of 
known ionization potential; he applied it in the d e t e ~ n a t i o n  of the first ionization 
potentials of the lanthanide elements [2’7]. 

Atoms adsorbed on a metal surface exchange electrons with it and, as a 
result, may be desorbed as either atoms or ions. Only those ions and atoms with 
enough energy to break the adsorption bond will leave the surface. The strength of 
this bond is measured by the desorption energy, Ea and Ei, for atoms and singly 
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Figure 2 Change in work function of the (1 10) and (1 12) planes of tungsten exposed to 
oxygen at room temperature. (From Ref. 22.) 

charged ions, respectively. The desorption characteristics of alkali ions have been 
investigated by Kaminsky [24]. Atoms are experimentally harder of access than 
ions, and there are only a few reports of such investigations in the literature. 
Hughes studied the desorption of rubidium atoms from tungsten surfaces [28], and 
Smith studied the desorption of uranium atoms from tungsten [29] and thorium 
and uranium atoms from rhenium [30]. 

As a free electropositive atom approaches a metal surface, there is a pertur- 
bation of the energy levels of its external electrons. This causes the allowed elec- 
tronic states to spread into an energy band whose maximum is given by Ir,  the first 
ionization potential of the element at a distance r from the surface. This m ~ i m u ~  
is shifted away from the discrete energy level occupied by the valence electron at 
an infinite distance from the surface upon which definition of the first ionization 
potential is based. The divergence of Ir and I is greatest for elements of low first 
ionization potential and increases the nearer the atom approaches the surface. At 
distances less than a critical distance (r  < rc), electron exchange is so rapid that it 
is impossible to distinguish between atomic and ionic states. At any given instant, 
an adsorbed atom with r < rc will either have an electron in energy state Ec, in 
which case it will be present as an atom, or it will not, in which case it will be 
present as a singly charged positive ion. From F e d  statistics, the probability that 
the energy state Ec is occupied is given by 

IVo = W(Ec) = (1 + exp [(Ec - q)/kZ'J]-l (1.6) 
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where q is the electrochemical potential and includes both the electrostatic and 
chemical parts of the work involved in the transition of atom to ion. The proba- 
bility that the state is not occupied is given by 

W+ = 1 - VV(Ec) = (1 + exp [-(ITc - q)/kTj}-i 

The charge transfer probability for an atom is proportional to the ratio of these 
probabilities: 

= A exp [(Ec - qO/kt 
W+ 
- = A {  
WO 

1 + exp [(Ec - q)/kt  
1 + exp [-(Ec - q)kt 

A is the ratio of statistical weights g+/gO defined previously [Eq. (1.5)]. In Eq. 
(1.8), Ec - q = a? - IrC where Ire is the ionization potential for the adsorbed atom 
at distance rc from the surface. Each of these expressions defines the change in 
energy involved in the transfer of the electron to the surface. Figure 1.3 is the 
potential diagram for cesium adsorbed on tungsten [3 11. 

Historically, there has been debate over whether there is an activation 
energy, A Q ,  involved in the transition between atomic and ionic states on the 
surface. From Figure 1.3 it can be seen that 

A Q  = (a? - Ire) = Ei - EO - ( I  - a?) (1.9) 

This equqtion was first derived by Dobretsov [32], Using this equation, Eq. (1 '8) 
can be rewritten: 

4 

0 
W 
t== 
2 

-2 

i 

Cs ATOM on W 

1 1 1 1 1  
0 4 8 

r (A) 

Potential energy diagram for the adsorption of cesium on tungsten. (From 
Ref. 20.) 



T ~ e ~ a l  I o ~ i ~ ~ t i o n  Mass Spectrometry 7 

W+/Wo = A exp [Ei - Ea - ( I  - @)]/kT (1.10) 

To arrive at an expression for a it is necessary to multiply the charge transfer 
probability by the probability of evaporation of ions and atoms. The Frenkel 
equation [33] expresses the probability that the kinetic energy of a given ion or 
atom will exceed the desorption energy: 

(1.11) 

where the subscript x is either i or a for ions and atoms, respectively; w(Ex)  is the 
desorption probability of the species; I, is the mean residence time for the given 
species; and wOx is the frequency of exchange of the electron with the surface. 
Kaminsky measured mean residence times of alkali metals on tungsten surfaces 
[24]; they are on the order of second. To obtain an expression for the degree 
of ionization, a, Eqs. (1.10) and (1.11) are multiplied together: 

W(E,) = w,(E,) exp E,/kT) = 1 /~ ,  

(1.12) 

This equation, which relates the Frenkel equation [Eq. (1.1 l)], the Saha-Langmuir 
equation [Eq. (1 S)], and the ratio of charge transfer probabilities, makes possiblt; 
a detailed study of the thermal ionization process. 

There is some doubt about the validity of Eq. (1.9). It assumes that the 
atomic and ionic states of an adsorbed atom on a hot surface are distinguish able^ as 
shown in Figure 1.3, AQ should be nonzero if this is so. If, on the other hand, AQ = 
0, this equation reduces to 

Ea - Ei = ( I  - @) (1.13) 

Available experimental evidence, though scanty, suggests that AQ is within 
experimental error of 0, at least for some elements [30]. 

To sumrnkze the surface ionization phenomenon, an atom on a hot filament 
surface exchanges an electron with it at rates of 1010-1014 sec-l [34]. The 
adsorbed species will desorb as an atom or a singly charged positive ion; the 
probability is controlled by the desorption energies of the two species. It is 
important to note that the Saha-Langmuir equation applies only to an atomic beam 
impinging on a hot surface; it does not apply to the single-filament situation. It is 
easy to see why: As the temperature is raised, the element in question evaporates 
from the surface at a progressively faster rate, an effect not addressed by the 
equation. To illustrate this point, the author has over the decades analyzed over 30 
elements by positive thermal ionization using single filaments; in all cases but 
those of the most refractory elements (e.g., Th), there is a temperature that if 
exceeded will lead to evaporation so fast and complete that it is impossible to 
recover and get a good analysis; this phenomenon has also been reported by 
Heumann for iron [35]. Such observations are not predicted by the equation. 
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The Saha-Langmuir equation also does not apply to situations in which 
chemical as well as physical processes occur at the ionizing filament. An instance 
of this is the double- or ~ple-filament arrangement common in thermal ionization, 
in which procedures that ensure stable ion emission cause species other than gas- 
phase atoms to impinge on the ionizer. An example of this is uranium; the loading 
procedure includes heating the f i l ~ e n t  to dull red heat in air for a few seconds. 
The uranium is almost always loaded in a weak nitric acid solution, which means 
uranium is present in oxide form. The heating step is an oxidative one, presumably 
taking uranium to its highest oxidation state. Because u r a ~ u m  oxides are more 
volatile than the metal, this procedure ensures that almost all the uranium evapo- 
rates as either UO or UO,, which in turn means interaction with the ionizer must 
break the U-0 bond as well as produce U+. This is not the situation described by 
the Saha-Langmuir equation [ 151. 

Despite these caveats, the Saha-Langmuir equation is useful in predicting 
order-of-magnitude estimates of ionization efficiency and in comparing ionization 
efficiencies of two or more elements. For example, the ionization efficiencies of 
Pu, U, and Th calculated from the equation are relatively correct, approximately 
corresponding to experimentally observed behavior, which is roughly an order of 
magnitude decrease in efficiency with each step in going from Pu to U to Th. 

1.4 I N ~ T R ~ ~ E N T A T I ~ N  

Most isotope ratio measurements have been performed using sector mass spec- 
trometers. Some work has been reported, notably by Heumann [35], in which a 
qua~pole-based system was used. Instruments used for measurement of isotope 
ratios are most often dedicated to that purpose, In most instances only a relatively 
small mass range needs to be monitored, just enough to encompass the isotopes of 
the analyte element. Without the ability to scan the entire elemental mass range 
[usually from mlz = 6 (Li) through mlz = 238 (U) for elemental analysis], mass 
spectrometers designed to measure isotope ratios cannot readily be adapted for 
other purposes. See Chapter 2 for a discussion of inst~mentation required for 
elemental analysis of solid materials and Chapter 3 for a treatment of the in- 
st~menation needed for elemental analysis of solutions. 

1.4.1 Filament Considerations 

The filament material most commonly used in thermal ionization is rhenium. 
There are several properties that dictate its choice. It has a high enough melting 
point (3 18OOC) that it can withstand the temperatures required for efficient ioniza- 
tion (up to about 2200°C). It has the highest work function of any metal with a 
high enough melting point; like all metals, its work function varies with the crystal 
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face in question and ranges from about 5.0 eV to about 5.8 eV, with 5.4 eV the 
average for the polycrystalline material [36]. Platinum has a higher work function 
(5.7 eV) than rhenium, but its melting point is too low (1772OC) for it to be useful 
as filament material in many applications. In addition to its high work function, 
rhenium has mechanical properties that make it attractive as filament material. For 
example, unlike tungsten, it retains its ductility after heating or spot welding. 
Another advantage important in many applications is that rhenium metal is 
available in high purity (>99.999%). The advent of zone refining led to large 
improvements in purity; prior to that, it was extremely difficult to analyze thorium 
using rhenium filaments because thoria-lined furnaces were used in annealing the 
metal. Aside from rhenium, the two most commonly used metals for filaments are 
tungsten and tantalum. The work functions for these elements are about 1 eV 
lower than rhenium's, so in general ion emission is lower. Tantalum has seen 
widespread use as an evaporator filament in multifilament con~gurations; work 
function is irrelevant, it is less costly than rhenium, and the relatively low 
temperatures required of evaporators make demands on purity less stringent. 
There are also special applications in which use of rhenium is inappropriate; an 
obvious instance is an application in which rhenium is itself the analyte element. 

There are two filament configurations used in thermal ionization: single- 
filament and multifilament; multifilament configurations can have two or three 
individual filaments. All these configurations are illustrated in Fig. 1.4. The choice 

Single Filament Double Filament Triple Filament 

Ionizer 
A Evaporator I I ionizer Ci Evaporators 

t J I  1 1  

Case Plate Case Plate Case Plate 

Case Plate 
raw Out Plate 

Focus Plates -;=;. 
First Collimating Slit Plate 

Z Deflection Plates 

Exit Slit Plate 

Figure 4 Ion source con~guratio~s used in thermal ionization mass spectrometry. 



between them is made on the basis of the needs of the experiment. ~ultifilament 
configurations are most common. mere can be either two or three filaments, but 
the principle of operation is identical for each. The sample is loaded on a side 
filament, which is often made of tantalum rather than the more expensive rhenium. 
The sahple is evaporated from the side filament at a temperature that depends on 
the volatility of the element undergoing analysis. This vapor, which is not neces- 
sarily atomic, impinges on the ionizing filment, which is almost invariably made 
of rhenium and maintained at a constant high temperature; 12100°C is common. 
Ions generated at this surface are subjected to the extraction field of the ion source, 
are accelerated, and undergo mass analysis. The temperature required for the 
evaporating filament is substanti~ly lower than that required for ionization when 
only a single filament is used; for uranium, for example, the two temperatures are 
1500°C for the evaporator and 1700- 1800°C for single-filament ionization. Sam- 
ple size is usually in the microgram range when Faraday cup detection is used; as 
a result, such detectors are c o m o n  in multifilament systems. 

It is necessary to obtain stable emission from the evaporator if results of 
high quality are desired. In general, each element requires a different procedure, 
although of course some elements behave similarly. Samples and standards are 
treated as much alike as possible to ensure that data are taken on that portion of 
the fractionation curve for which calibration is valid; this topic is treated in greater 
detail later. 

In the single-filament configuration, the same surface serves both to evapo- 
rate and to ionize the sample. It is more efficient than multifilament con~gurations 

: 
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when ions collected are compared to atoms loaded; the value of this ratio is, of 
course, element- dependent.^ For many elrements, samples of 1 nanogram or less 
can be routinely analyzed provided a pulse-counting detection system is em- 
ployed. 

A new thermal ionization source developed by Olivares and coworkers at 
Los Alamos National Laboratory is much more efficient at production of ions 
than the more conventional filament configurations described previously [37]. 
Designed originally for use in isotope separators, it has been modified for use in 
isotope ratio measurements using a quadrupole mass spectrometer. Called a 
thermal ionization cavity, it is designed around a tungsten tube that contains the 
sample and is heated by electron bombardment. A drawing of this source is given 
in Fig. 1.5. Because of the amount of heat generated the source must be water- 
cooled, making it more complex than conventional designs. Ionization efficiencies 
are very high in comparison to those of normal thermal ionization sources. 
Efficiency for europium is 72%, for uranium 8%, and for thorium 2%, all figures 
an order of magnitude or more better than single-filament results. Typical preci- 
sion for isotope ratio measurements is quoted as 20.1%. 

The two most common types of detection systems used in isotope ratio measure- 
ments are Faraday cups and pu~se-counting electron multipliers, Multipliers are 
occasionally used in cu~ent-inte~ation mode but are not as precise as Faraday 
cups or as sensitive as pulse counting; there seems to be no compelling need for 
this mode of operation in thermal ionization, All these collectors, of course, are 
used in many different kinds of mass spectrometry. Faraday cups give better 
precision and require more sample than pulse counting; choice of collector is often 
dictated by the demands of the experiment (or, of course, by available equipment). 
Each type of collector has its strengths and weaknesses. Constructing a Faraday 
cup that is quiet and linear is not a simple task. Pulse counting, in. which each ion is 
counted as it arrives at the collector, requires fast electronics that must be very 
quiet; typical background counting rates in good systems are about one count a 
minute, approximately the cosmic ray background. An example of a pulse- 
counting detection system is shown schematically in Fig. 1.6. Multipliers are 
operated at negative potential for detection of positive ions; 2-4 kV is typical in 
pulse-counting applications. Each dynode is successively nearer ground than its 
predecessor, so the potential gradient across the detector causes secondary elec- 
trons to travel through it from the first dynode to the’last; transit times of 1 nsec or 
so are typical. Ions strike the first dynode of an electron multiplier; each such 
impact generates two or more electrons, resulting in amplification of the original 
signal. The electron cascade passes from one dynode to the next, each stage 
effecting amp~fication of the original signal, with the pulse from the last dynode 
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F i ~ ~ r e  6 Schematic diagram of a pulse-counting detection system. 

being the output of the device. ~ultipliers used in pulse counting usually have 14 
to 17 dynodes. Typical gains for pulse-counting multipliers are on the order of 
106--108, far greater than when current integration is used. The signal pulse from 
the multiplier then goes through a preamplifier, with gains of 10 to 30 being 
typical. A discriminator is used to screen out dark-current noise from the multi- 
plier. The situation is depicted in Fig. 1.7. There will always be some residual 
noise in any pulse-counting system, some of which is caused by cosmic rays. After 
the disc~minator, the signal passes to a scaler, which accumulates the counts in 
one channel (or whatever term is used to describe the minimum time unit of the 
data system); the number of bits in the scaler, together with the dwell time, 
d e t e ~ n e s  the maximum count rate the system can handle without overloading. 
The single number of counts accumulated in the scaler is then passed to a buffer, 
where it is stored until it is transferred to the computer. "here is a period after the 
arrival of an ion in which the counting system is paralyzed; this is called the dead 
time and is about 10 nsec in fast systems. Any ions arriving during this interval 
will not be registered; a spuriously low number of counts will result. The dead 
time varies with individual multipliers and must be measured in some way. The 
appropriate correction is then applied to the count rate; this has the effect of 
putting an upper limit on the count rate that must not be exceeded if the best results 
are desired. Conversion efficiency at the first dynode of multipliers is dependent 
on the velocity of the ions striking it [38]. It is also dependent on chemical species 
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Figure 7 Operation of a discriminator. 

[39] and ionic mass [40]. This matter has been discussed in some detail by Hayes 
and Schoeller [41]. 

Because instability in beam intensity is a primary cause of imprecision in 
isotope ratio measurements, it is a big advantage to monitor all isotopes of interest 
simultaneously. Commercial inst~ments are available with multicollector arrays 
that effect this [42,43], a drawing of one of these is given in Fig. 1.8 [43]. Note that 
the axial collector is recessed behind the focal curve. Since the ion beam spreads 
after crossing the focal point, the result is that a smaller fraction of the beam is 
intercepted by the axial collector than by the others. This fact must be addressed 
when calibrating the instrument. Multicollector arrays provide precision that, with 
proper care, can be better than 100 ppm [44]. One price paid for this advantage is 
the necessity of calibrating the detectors with respect to each other. Constant 
signal sources are provided in commercial instruments to effect cross-calibration 
of detectors. The more subtle problem of loss of linearity of individual pockets 
with use has been addressed by Fiedler and Donohue [45]. The concern of these 
authors was that, as sample elements accumulate in the Faraday pockets with 
time, the ampli~cation characteristics might change; this effect is a small one and 
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Schematic drawing of a multicollector mass spectrometer. 

would be predicted to be element-dependent. At the time of writing detector arrays 
are available only as Faraday cups; it has thus far not been possible to reduce the 
size of electron multipliers sufficiently to use them in arrays, and position- 
sensitive detectors lack the necessary dynamic range (>106) and tend to be too 
noisy. The trade-offs between detector systems thus involve balancing precision 
requirements against those of sample size. 

nin 

Either the ion source high voltage or the magnetic field can be swept to scan the 
mass spectrum-unless, of course, a multidetector array is used, in which case the 
spectrum need not be swept. Magnetic sweeping is in general to be preferred to 
high-voltage sweeping because, when the voltage is swept, each isotope experi- 
ences a slightly different extraction field; this introduces mass-dependent bias for 
which correction must be made. There are circumstances, however, when the 
advantages of voltage scanning outweigh the drawbacks. One occurs when the 
mass spectrometer has two magnetic sector fields in tandem; it is difficult to make 
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the two magnetic fields track together with enough precision to preserve the flat- 
topped peaks required for isotope ratio measurements. The only other time high- 
voltage scanning is desirable is when the smallest possible samples must be 
analyzed; because the voltage can be scanned many times faster than the magnetic 
field, more informiction can be obtained from a rapidly diminishing signal when it 
is near its maximum intensity. I( 

In all cases, one goalpof sweeping the mass spettrum is to combine it with 
slit settings to achieve flat-topped peaks. The sharp, triangular peaks commonly 
seen in organic applications are undesirable when the primary goal is to d e t h n e  
the areas of the peaks (which are more reliable measures 
peak heights) rather than their locations on the mass scale. 
ratio mass spectrometers is usually about 500; therefore, it 
rate molecular isobars from the isotopes of interest. This places stringent demands 
on sample preparation, a topic addressed in Sec. 1.6. 

1. 

The goal of any sector mass spectrometer is to transfer an ion beam from the image 
point of the ion source to the detector without significant degradation of beam 
shape. One of the earliest extensive treatments of ion optics in mass spectrometry 
was presented by Hintenberger and Konig in 1959 [46]. As computers have 
become more powerful, programs to assist in designing mass spectrometers have 
become more cornmon. There are now programs of great sophistication available 
to help design instruments of whatever characteristics of almost any configuration. 

A critical measure of performance in isotope ratio measurements is abun- 
dance ~ e n ~ i t i v i ~ ,  which is defined as the intensity of a large peak divided by the 
intensity of the background 1 mass unit lower; it is sometimes defined as the 
reciprocal of this ratio. This means that, for uranium, for example, if 106 counts are 
collected for 238U and there is one count at mlz = 237, the abundance sensitivity is 
106 (or 10-6). The reason the low-mass side of the intense peak is specified is that 
gas-phase collisions cause scatter in the ion beam that reduces abundance sensi- 
tivity; these collisions result in loss of energy far more often than gain, which 
means scatter is greater on the low-mass side of the peak. Most mass spectrome- 
ters used with thermal ionization sources are designed to have high abundance 
sensitivity. These most cornmonly feature a single magnetic sector. A drawing of 
one of these instruments is given in Fig. 1.9. First developed at what was then the 
National Bureau of Standards by Shields [47], it is in use in several laboratories 
around the world. Its magnet has a 30.5-cm radius of curvature with a 90-degree 
angle of deflection. An extended flight path combined with nonnormal exit from 
the magnetic +field (82") are used to correct for fringe fields [48]. 

Very high abundance sensitivity (>5 x lo5) can be achieved by adding a 
second magnet after the first, as first suggested by White and Collins 1491. The 
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ure 9 Magnetic sector pulse-counting mass spectrometer: (a) ion source, (b) ion lens, 
(c) source defining slit, (d) collector slit, (e) electron multiplier. (From Ref. 47.) (Comesy 
of P. H. Hemberger, Los Almos National Laboratory.) 

function of this magnet is not to effect mass separation, which is accomplished in 
the first magnetic field, but to clean up the tails of the peaks and thus improve 
abundance sensitivity. Because it is energy spread that is being addressed, the 
same result can be acco~plished through use of an electrostatic analyzer [50] or 
a quadrupole filter [S 11. 

Most analytical problems do not require an abundance sensitivity of more 
than 500,000, which is about the masimum available with a single magnetic sector 
of reasonable size. I n s ~ m e n t s  with addi~ional stages, either magnets or electro- 
static analyzers or both, have been constructed to provide abundance sensitivity 
greater than lo*; Fig. 1.10 is a photograph of one such i n s ~ m e n ~  at Oak Ridge 
National Laboratory [SO]. 

Accuracy of isotope ratio measurement is critically dependent on having the 
i n s ~ m e n t  properly calibrated and following correct analytical protocol. Mass 
bias is present to some degree in dl thermal ionization analyses, and a lot of 
ingenuity has been invested in mitigating its effect. Mass bias arises from a 
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ure 10 Three-stage sector mass spectrometer with high-abundance sensitivity. 

number of different causes. Evaporation of the sample is to some degree mass- 
dependent; light isotopes evaporate more readily than heavy, presumably as the 
inverse square root of their masses. Extraction of the ions into the source-focusing 
lens has similar mass dependence. Transmission through some types of mass 
analyzers (quadrupoles) is a function of mass. Conversion of the ion to a pulse of 
electrons at the collector is also mass-dependent. It is experimentally extremely 
difficult to isolate these eEects individually. The usual way of dealing with them is 
to lump them into one bias correction factor and not worry about the values of 
the individual cont~butions. 

Certified isotopic standards are available for some elements but by no means 
all. Such standards are available from the National Institute of Standards and 
Technology [52] and New Brunswick Laboratory [53] in the United States, and 
from the Institute for Reference Materials and Measurements [54] in Belgium. De 
Bievre et al. have published a review of reference materials available for isotope 
ratio ~easurements [551. It is clearly desirable to use certified materials for 
i n s ~ m e n t  calibration if at all possible. If no standard is available for the element 
in question, the analyst has little choice but to obtain a pure sample of it and 
assume it has the composition listed by WPAC [l]. A few elements, with lead 
being the outs t~ding  example, have isotopic compositions that vary widely in 
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nature; care must be exercised in these cases (although there is a NIST certified 
isotopic standard for lead). 

Certified standards or no, the same procedure is followed. The value of an 
isotopic calibration ratio is measured for the reference material and compared to 
the certified (or accepted) value. The correction factor necessary to adjust the 
measured value to the certified is calculated; it is then the bias correction for that 
ratio. Most often, a bias correction per mass is used. Even though the actual 
variation of bias is not strictly linear, the limited mass range swept for a single 
element makes it a good approximation; any deviation fkom linear is insignificant 
in comparison to measurement uncertainties. Typical biases are a few tenths of a 
percent per mass when a single-fil~ent configuration is used and somewhat less 
for multifilament. Multifilament aqalyses are in! gener sceptible to varia- 
tions in bias correction than single-filament, but they no means immune, 

Bias corrections determined from analysis of s are applidd to the 
samples under test. Use of such an average bias correction can be viewed only as 
an approximation to the truth; so many factors contribute to bias that it is impos- 
sible to control them all. For example, as previously stated, the work 
rhenium filament is determined by which crystal face is involved: 
loading samples on filaments is through use of single resin beads 
beads are 100-1200 pm in diameter, which is about the size of rhenium c~s ta l~ i t e s  
in a polycrystalline filament [17]. Clearly the work function applicable to the 
analysis in question may or may not be that operative when i n s ~ m e n t  calibration 
was carried out. Another parameter difficult to control in real-world conditions is 
sample purity, which also affects bias. It is impossible to purify all samples to the 
same degree, and contaminants adversely affect ionization efficiency; low effi- 
ciency means higher filament temperatures, which in turn mean a different bias 
correction. These are only two of sundry variables that can affect ionization 
efficiency. 

In practice, the analyst monitors the bias correction through analysis of a 
reference standard on a routine, often daily, basis. This value comes to be known 
very well and makes insignificant con~butions to overall precision. Even though 
it may not be truly applicable to the sample being analyzed, using it is far better 
tban applying no correction; it is the best that can be done in an imperfect world. A 
model of thermal fractionation on mass spectrometer filaments has been devel- 
oped by Habfast 1581. 

Fractionation is such a vexing problem that other means of addressing it 
have been devised. One is total e ~ ~ a ~ s t i u ~ ,  in which the entire sample is con- 
sumed; it has been successfully applied to uranium [59] and the rare earths 1601. 
The idea here is that, if all ions emitted from the sample are collected, they will be 
representative of the sample itself, and no bias correction will be required. 
Because signal intensity varies rapidly, running to exhaustion can only be accom- 
plished using a multicollector mass spectrometer. It also requires a reasonable 
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estimate of the amount of the target element in the sample, information not always 
available. ! 

Another way of addressing variations in bias is throughthe use of an internal 
calibration ratio. In this technique, there are two isotopes of the analyte element 
whose ratio is well known that can be used to calculate the specific bias applicable 
to the analysis in question. It has long been used in geological applications; in 
strontium analysis, for example, the 86Sr/88Sr ratio is invariant in nature and can be 
used to calculate the bias necessary to apply to conect the 87Sr/@Sr ratio [2]. Dietz 
et al. were the first to suggest use of internal calibration through addition of a 
two-isotope spike to the sample [61]; they tested it with uranium. If the ratio of the 
two reference isotopes is well known, it can serve as the comparison necessary to 
effect internal calibration. This ratio is measured for each run and its value 
compared to the known. The bias factor required to bring the measured ratio into 
agreement with the known is calculated and applied to all other ratios. The theory 
underlying internal calibration has been described by Dodson [62,63]. It has been 
applied to uranium [64,65] and to molybdenum [66], plutonium [67], and lead 
[68]. In principle it should be applicable to concentration measurements of any 
element with three isotopes, two for the spike and one for the sample; it can also 
be used to refine the value of a ratio of two isotopes, both of which are either ab- 
sent or present only in low abundance in the spike. One of the most attractive 
features of the double spike is that it should produce results independe~t of 
individual laboratory calibration methods. Instrumental bias is one of the major 
causes of disagreement between laboratories, but use of the same double spike 
requires that all laboratories make corrections based on the same isotopic ratio 
independently of differences in their methods. This matter was addressed in a 
recent study [69]. 

A long-standing and still-current challenge in thermal ionization mass spectrome- 
try is to improve ionization efficiency. This is usually defined experimentally as 
the ratio of ions collected to the number of atoms loaded; it thus includes all 
aspects of the* ionization, extraction, transmission, and collection processes. 

One obvious way to improve ionization efficiency is to make sure the 
sample is as clean as possible. A heated filament provides a constant amount of 
energy, and any devoted to evaporating or forming ions of contaminant species is 
lost to the desired process. Sodium, potassium, calcium, and other readily ionized 
elements are bad actors; the fact they are also ubiquitous makes the problem just 
that much more difficult. Every element presents its own challenges, and much 
effort has been invested in purifying target elements of interest. Loading a chem- 
ically pure sample on the filament is one way to improve ion emission. 
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There are many instances in which it is highly desirable to analyze the 
smallest possible sample. This is of obvious importance when radioactive species 
are involved, but it is also advantageous when analyzing smaller samples means 
processing smaller amounts of material for an analysis, as is often the case in 
geological applications, among others. Measurement of isotopic ratios from pico- 
gram or smaller quantities of analyte has been reported for technetium [70,71], 
actinide elements [72], and rare earth elements [73]. 

Since analysis of small samples requires pulse-counting detection systems, 
most of the effort directed toward improving ionization efficiency has involved the 
single-filament configuration. Most ion-optical systems are designed on the as- 
sumption that there will be a point source of ions. Many ion source lenses are very 
strongly focusing, and even slight deviations in sample location from the object 
point of the source cause marked reduction in ion extraction efficiency. A loading 
technique that serves to concentrate the sample in a very small area of the filament, 
and thus to approximate a point source, is highly desirable. Two such techniques 
have been developed in which this is just one of several attractive features. One is 
electroplating the sample from a very small (ca. 1 pL) volume onto the rhenium 
filament [ 181. The other is to load samples on the filament using single resin beads 
[74]. Because each of these methods provides advantages in addition to providing 
point sources (discussed later), it is difficult to quantify the benefits of this par- 
ticular aspect. Overall improvement in performance with regard to reduction in 
sample size is in the range of 5 to 10 for each technique. 

A different issue is the challenge of improving ionization efficiency. Two 
situations have been addressed. One is to combat the combination of high vola- 
tility and high first ionization potential, which prevents effective production of 
singly charged positive ions. The classical example here is lead, an element impor- 
tant in geological age dating [a]. Its combination of first ionization potential (7.4 
eV) and melting point (328°C) militates against efficient ionization. Loading lead 
onto a single filament as a solution produces ionization characteristics almost 
impossible to reproduce, but using silica gel slurried in phosphoric acid produces a 
glass that serves as an emitter and reproducibly yields intense, long-lasting, stable 
ion signals and allows analysis of nanogram-sized samples [16]. 

The second situation to be addressed involves improving ionization yields 
from elements refractory enough that loss of sample due to volatility is not a major 
problem but whose ionization potential is high enough to cause difliculty. Since 
the first ionization potential of an element cannot readily be altered, it is the work 
function of the surface that has drawn investigators’ attention. The work function 
of polycrystalline r~enium is about 5.4 eV [36], but there are other materials with 
higher values. One is platinum, whose work function is about 5.7 eV [75], but 
whose melting point is too low for use with many elements. Penin and coworkers 
developed a method in which a plutonium sample is electroplated directly onto a 
rhenium mass spectrometer filament [ 181. This was followed by electroplating a 
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layer of platinum over the sample. The sample atoms are thus forced to migrate 
through the platinum layer before leaving the filament. In this manner, the ad- 
vantages of using rhenium as a filament material (high melting point, ductility) 
were retained while the higher work function of platinum was exploited to 
enhance ionization efficiency. A mean ionization efficiency of 0.34% for plu- 
tonium was reported; that efficiency is a substantial improvement when compared 
to analyzing samples loaded as solutions, which is generally an order of magni- 
tude lower. 

Similar reasoning led Smith and Carter to develop a method using an 
overlayer of pure rhenium powder slurried with a source of carbon, such as starch 
solution [19]. Rhenium and carbon do not form a stoichiometric compound, but 
carbon dissolves in the metal to form a composite surface that has higher work 
function than pure polycrystalline rhenium; this has been measured as 5.8 eV, 
about the same as the work function of platinum [Xi]. Rhenium powder, when 
heated to the operating temperatures required for many elements (> 1SOO0C), 
sinters to form a barrier to evaporation that forces analyte atoms to migrate 
through it before leaving the filament. Thus, in a manner similar to the platinum 
overcoat electrolytically deposited, the advantages of rhenium as a filament mate- 
rial and an emitting surface of high work function are both exploited. The higher 
work function explains in part the benefits derived from loading samples on resin 
beads; the carbon skeleton of the bead that remains after its thermal decomposition 
dissolves in the rhenium substrate, forming a local surface with a higher work 
function than that of the surrounding metal [ 171. 

It is not clear which of the two overcoating methods provides greater 
enhancement in ionization efficiency. Smith et al. report ion collection efficiencies 
of 4%-9% for plutonium [76], but this was for an experiment specifically de- 
signed to evaluate this ability; Perrin et al. [18] were more concerned with 
improving the stability of their ion beam (and hence precision) than they were 
with determining ionization efficiency. Substaritially improved ion beam stability 
and reduced isotopic fractionation were noted by both sets of authors as a signifi- 
cant benefit of both methods of overcoating. 

Thermal ionization has widespread application in areas where measurement of 
isotope ratios is the goal of the analysis. Each area has its unique problems and 
challenges, and there is considerable cro~s-fe~lization among disciplines. Ex- 
haustive treatment would require a book of its own; no attempt has been made here 
to cover all areas addressed by thermal ionization, Rather, a few areas of current 
and historical interest have been selected; these should give the reader a good idea 
of the versatility of the technique. 
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One area of major importance is in geological applications. There are about 25 
radionuclides whose half-lives are long enough that they are still present in the 
Earth’s crust, having been there at the Earth’s formation; these range from 235U 
with a half-life of 7.1 x 108 years to 209Bi with a half-life in excess of 1019 years 

in addition about 30 radionuclides whose half-lives are too short 
e survived from the primordial Earth that are present because they 

are decay products of uranium and thorium; the most abundant is 2341J, whose 
half-life is 2.45 x 105 years and which comprises 55 ppm of naturally occurring 
uranium [72]. Radioactive decay is a statistical process whose rate is measured by 
the nuclide’s half-life. A radionuclide and one of its stable daughters constitute a 
geological clock from which the age of the formation in question can be deter- 
mined. Some of the common methods involve performing mass analysis using 
thermal ionization. Among these are Rb-Sr, IJ-Pb, and Nd-Sm. The interested 
reader is referred to the excellent book by Faure, which covers application of 
isotope ratio measurements to all aspects of geology [2]. 

Deviation of an isotopic ratio in a mineral from its normal value can give 
insight into climatic conditions of past ages during which the mineral deposits 
formed. Because isotopic fractionation is a function of the mass of the isotopes, 
lighter elements are more sensitive probes than heavier elements in this area. 
Boron is an example; even though its two isotopes differ by only 1 mass unit (mk 
10 vs. 1 l), the 10% difference is quite high. This is in a sense a two-edged sword, 
for the very reason it is a sensitive geological probe makes isotopic fractionation 
of the elemental ions at mlz 10 and 11 under thermal ionization conditions 
unacceptably high and difficult to control. For this reason, a molecular metaborate 
ion is usually monitored; Cs2B02+ (m/z 308,309) is a c o m o n  choice [78]. For 
exam$e, the loBPIB ratio was used to study the origins of zoned deposits that 
crystallized from ancient* lakes [79]. vestigators were able to identify borate 
deposits o~ginating via several di chanisms in a commercially important 
source of boron. 

lo lic 
i 

Among the questions of importance to cosmology are the elemental composition 
of stars and other galactic matter and the isotopic compositions of those elements. 
Investigations of this type have covered sev&al decades and represent a nice col- 
laboration between theoretical astrophysicists 8 and mass spectrometrists [SO]. 
Thermal ionization has played a role in analysis, both isotopic and, through 
isotope dilution, ofmconcentration, of many of the elements and helped resolve 
some ?of the anomalies that were present in the results ,of eaxly work. Isotope 
dilution is inherently a precise method of quantifi~ation md was able to reduce 
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uncertainties in the concentrations of many elements [see, for example, Naka- 
mura (81)l. 

Elements are formed by three different mechanisms in stars, as elucidated 
by Burbidge et al. [82]. In brief, these are the s process, involving the capture of 
slow neutrons by nuclei; the r process, involving the capture of rapid neutrons; and 
the p process, which leads to neutron-deficient nuclides that are generally less 
abundant than those generated by the s and r processes. The relative abundances of 
the various isotopes of a given element reveal which processes, or combinations 
thereof, are involved in their creation in the nuclear reactions that power stars. 
Measurements of isotopic and elemental abundances in stars thus serve to test 
theories of stellar processes. 

Mass spectrometry in general and thermal ionization in particular have 
helped identify type 1 carbonaceous chondrites (C 1) as the extraterrestrial bodies 
that best represent the composition of stars, gaseous nebulae, and other galactic 
entities [so]. This is because, of all the meteorites that fall to Earth (known as the 
poor man’s space probes), carbonaceous chondrites have undergone the least 
metamo~hism and thus retain more of their original volatile element content. 
There is excellent agreement between the composition of these chondrites and 
measurements of the elemental composition of the solar photosphere and of many 
other stars [83]. The distribution of even and odd mass nuclides in carbonaceous 
chondrites forms a smooth curve, whereas such distributions in other meteorites 
do not; a plot of this elemental distribution is given in Fig. 1.1 1. The fact that even- 
proton elements are more abundant than odd-proton elements and have more 
isotopes has long been known and is confirmed in this plot [84]. The most recent 
of numerous tables of cosmic elemental abundances was published by Anders and 
Grevasse in 1989 [85]. Cosmological application of mass spectrometry was 
recently reviewed by De Laeter [ 801. 

The nuclear area is one that has been heavily dependent upon isotope ratio mass 
spectrometry performed by thermal ionization. Applications in this area are 
among the major reasons for the continued push to analyze smaller and smaller 
samples. There are two primary reasons for this: (1) maximum practicable reduc- 
tion of the hazards associated with radioactivity and (2) presence of often only a 
very small amount of the target element available. Areas addressed include evalu- 
ation of uranium enrichment processes [%I, isotopic analysis of t r ~ s ~ a n i u m  
elements (all elements through einsteinium have been analyzed) [ 87,  and envi- 
ronmental monitoring for release of uranium and other actinides [88,89]. This last 
area has received renewed emphasis in the wake of the Gulf War [90]. 

Isotopic analysis has been used extensively in addressing questions of 
f u n d ~ e n t a l  physics. Walker et al. used the Dounreay reactor to refine values of 
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11 Relative galactic abundances of the elements normalized to Si = lo6 atoms. 
(From Refs. 80 and 11 1.) 



cross sections and other nuclear parameters [91-931. The half-life of 241Pu (14.35 
years), about which there was much uncertainty, was measured by DeBievre et al. 
to unprecedented accuracy [94]. Kelly described procedures to eliminate system- 
atic bias due to isotopic fractionation and interference from 241Am in this measure- 
ment [95]. Economical operation of power reactors is dependent upon changing of 
fuel rods at optimum intervals. To do this, the amount of fuel consumed (called 
burn-up) with time must be determined; an ASTM procedure prescribes how this 
is achieved [96]. The information required is the isotopic compositions and 
concentrations of uranium, plutonium, and neodymium, all of which are deter- 
mined using thermal ionization mass spectrometry. Green et al. described deter- 
mination of this important parameter [97]. De Laeter has published a review of the 
role of mass spectrometry, including thermal ionization, in studies of nuclear 
fission [3]. 

One of the most fascinating events in the Earth’s history was the naturally 
occurring reactor at Oklo in Gabon. It was discovered in 1972 through the 
insistence of a French mass spectrometrist that the measured 235U abundance of 
0.7171% (0.5% low) was significantly different from the natural value and war- 
ranted inves~gation. Subsequent measure~ent of the isotopic composition of the 
rare earth elements (particularly neodymium) revealed the existence of a natural 
reactor about 2 billion years ago when the abundance of 235U was much higher 
than it is today [98,99]. Subsequent studies were performed to characterize 
various reactor parameters; mobility and retentivity, properties of importance in 
the isolation of nuclear waste, of many elements have also been studied. These 
investigations revealed that criticality was reached in several zones in the ore 
body; new ones are still being discovered. The uranium itself has been preserved 
virtually intact in its original distribution, a remarkable fact after the passage of 
so much time. Loss et al. were able to show that the fission process at Oklo lasted 
for hundreds of thousands of years [ 1001; criticality in Zone 9, for example, lasted 
approximately 2.2 x 105 years. Investigations of the Oklo phenomenon have been 
summarized by De Laeter [3] and extensively described in two publications from 
the Inte~ational Atomic Energy Agency [ 101,1021. Aside from the inherent 
scientific interest in such an apparently unlikely phenomenon, Oklo studies have 
direct bearing on various issues involving isolating nuclear waste, as has been 
pointed out by Ruffenach et al. [ 1031. 

Thermal emission has played a role in determination of atomic weights. Such 
work is of great importance and requires scrupulous attention to detail. For the 
many elements for which no certified isotopic standard is available, it is the 
abundance measurements made during such experiments that serve as the refer- 
ence values for calibration of mass spectrometers in other laboratories. Sample 
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preparation, elimination of contamination, and calibration of the mass spectrome- 
ter all need to be meticulously addressed. All sources of bias must be identified 
and corrected. This often requires making synthetic mixtures of chemically pure 
and isotopically pure (as nearly as possible) enriched isotopes. Very few laborato- 
ries have the interest, the ability, and the support to perform such ~easurements. 
DeBievre and Peiser have described the history of, and some of the issues 
involved in, atomic weight ~easurements [ 1041. Recent determi~ations of atomic 
weights using positive thermal ionization include those for tin [ 1051, europium 
[106], iron [10’7], antimony [108], and titanium [log]. This subject and others 
associated with metrology have been extensively treated in a review by De Laeter 
et al. [110]. 

Thermal ionization mass spectrometry is an exceptionally valuable analytical tool. 
Its combinatio~ of high precision and high sensitivity makes it applicable in a 
wide variety of situations in which isotopic ratios are sought. In conjunction with 
isotope dilution, it provides quantitative analyses that are usually of higher quality 
than those yielded by any other method. 

Isotope ratios provide insight into the physical and chemical processes that 
cause alteration of their values. Their application is expanding as analytical 
procedures become more sophisticated and sensitive, and as the extent of scientific 
knowledge increases. As in many fields, much work done today would have been 
impossible a few years ago. With the advent of multicollector inductively coupled 
plasma (ICP) mass spectrometers, it is probable that routine use of thermal 
ionization will diminish, but it seems that it will always play a role in applications 
in which utmost sensitivity is required. 
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Although the strengths of the glow discharge (GD) were recognized by inorganic 
mass spectrometrists over '70 years ago, it was only during the last 20 years that the 
technique gained acceptance by the mainstream analytical community. Success 
can be attributed to several factors, including the tireless efTorts of investigators in 
this field and the willingness of several instrument vendors to produce commercial 
products. No matter what the reason for its recent popularity, its appeal today is 
the same as it was more than '70 years ago: the GD is a rugged device that is simple 
to construct, operates at relatively low power and moderate pressure, and can be 
used to analyze nearly all elements [l]. The classical application for glow dis- 
charge mass spectrometry is trace elemental analysis of solid, conducting mate- 
rials, such as refractory metals and alloys. Indeed, this remains its strength. 
However, this has not prevented researchers from pushing the technique in many 
different directions, including the analysis of nonconducting materials (e.g., ce- 
ramics, glasses, and polymers), the analysis of powders (e.g., soils and cements), 
and even the analysis of liquids as dried solution residues and finely aspirated 
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this contribution, prepare derivative works, distribute copies to the public, and perform 
publicly and display publicly, or allow others to do so, for U.S. Government purposes. 
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aerosols. The purpose of this chapter is to provide some historical back~ound for 
today’s research and development in this field. The fundamental operation of the 
discharge will be described, as well as various in s~men ta l  con~gurations and 
analytical applications. This discussion serves as an introduction to two other 
chapters in the book, where glow discharge mass spectrometry (GDMS) of 
nonconductors and elemental analysis using glow discharge ion trap instrumenta- 
tion are covered. 

Y 

Unlike most of the ionization sources found on modern mass spectrometers, 
discharge devices actually preceded the mass spectrometer itself. Pioneers like 
Thomson, Aston, and Bainbridge used electrical discharges as ionization sources 
on some of the earliest mass spectrometers constructed [2]. Many of these investi- 
gations centered on elucidating in fo~a t ion  about the “positive rays” or canal- 
s t r u ~ Z e ~  reported several years earlier by Goldstein [2]. What Thomson and others 
found was that the spectra generated from these sources provided information not 
only about discharge phenomena, but about the atomic masses and isotopic 
abundances of the elements in the support electrodes as well. Thornson’s work 
with positive rays emerging from gas discharges led to Aston’s development of 
ion sources for elements available only as solids of low volatility (i.e., refractory 
metals, metallic oxides, etc.) [3]. These types of ion sources dominated the mass 
spectrometry landscape in the 1920s and 1930s. During World War I1 (and for 
about 20 years after), discharges were largely ignored because a new ion source 
appeared, the vacuum spark [4]. This source, still in use today on many emission 
spectrometers, has been shown to provide almost full elemental coverage with 
only a few exceptions. Detection limits are on the order of 0.1 ppm [5]. The 
technique does, however, suffer from several drawbacks, including the need for a 
double-focusing mass spectrometer to overcome the wide energy spread and a 
plethora of polyatomic interferences. In addition, long integration times are re- 
quired to average out the inherent instability of the ion signal. These instruments 
were designed so that all ions could be detected simultaneously with photographic 
plates, although some instruments have been fitted with electronic detectors. Most 
recently, spark source mass spectrometry has largely been replaced by inductively 
coupled plasma mass spectrometers (see Chapter 3) or glow discharge mass 
spectrometers. 

During the 20-plus years that mass spectrometrists lost interest in glow 
discharges, optical spectroscopists were pursuing these devices both as line 
sources for atomic absorption spectroscopy and as direct analytical emission 
sources [6- 101. Traditionally, inorganic elemental analysis has been d o ~ n a t e d  
by atomic spectroscopy. Since an optical spectrum is composed of lines corre- 



Glow Discharge Mass Spectromet~ 33 

sponding to the accessible transitions of each element, identification and quan- 
tification of a sample’s elemental composition are straightforward. For a sample 
composed of a single pure element, spectral interpretation is easy. However, when 
it is applied to the analysis of multicomponent materials, the spectral complexity 
often makes interpretation problematic. Mass spectrometry has an advantage in 
this area since there exist far fewer isotopes of a given element than potentially 
populated energy levels. Coburn and coworkers recognized the power of mass 
spectrometry when they brought the glow discharge source back to the attention of 
mass spectrometrists in the analysis of solids using both direct current (dc) and 
radio frequency (rf) discharges [ 1 1 - 131. Other milestones occurred when Har- 
rison and Magee [14] and later Colby and Evans [15] demonstrated that a hollow 
cathode glow discharge coupled to a magnetic sector inst~ment  could be used to 
provide elemental analysis of the cathode. In 1978, Bruhn et al. [16] reported the 
use of a qua~pole-based glow discharge mass spectrometer. This work indicated 
that a relatively low-cost mass spectrometer could be dedicated to trace elemental 
analysis of solids. Since this time there have been many advances made in 
ins~mentation, sample preparation, and techniques for data analysis. Several 
good review articles give further insight into the historical developments of the 
glow discharge as an ion source for mass spectrometry 117-191. Two achieve- 
ments worth noting are the introduction of commercial instrumentation [203 and 
the development of a radio frequency glow discharge as an analytical tool for 
the direct analysis of nonconducting samples [21]. As more individuals “redis- 
cover” the power of the glow discharge for trace elemental analysis of solids, the 
future of GDMS is promising. 

Y 

The purpose of this section is to provide a basic understanding of glow discharge 
(GD) processes; it is in no way intended to be a complete treatment of GD theory. 
For a complete treatise on fundamental glow discharge plasma processes, the 
reader is referred to an excellent chapter by Fang and Marcus in Glow Discharge 
Spectroscopies [22]. 

Before glow discharge atomization and ionization processes can be ex- 
plained, it is necessary to establish a vocabulary of the terns used. The glow dis- 
charge is a specific example of a gaseous discharge, which is one type of plasma. 
A  plasm^ is a partially ionized gas consisting of equal numbers of positive and 
negative charges and a larger number of neutral molecules [23]. The term gas 
~ i s c h ~ r g e  refers to the flow of electric current through a gaseous medium [24]. For 
this to occur, a fraction of the gas particles must be ionized. In addition, an electric 
field must exist to accelerate the charged particles, thereby allowing current to 
flow. In the classical version of the glow discharge, a voltage source develops a 



potential between the negatively biased cathode and the anode. Free electrons in 
the gas are accelerated toward the positively biased anode by the resulting poten- 
tial gradient. These free electrons collide with gaseous species, producing gas- 
phase ions. Positive ions are accelerated toward and impinge on the negatively 
biased electrode. On impact, a variety of secondary species are liberated, includ- 
ing electrons and species formed from the cathode material. The ions and atoms 
from the cathode have analytical utility since they represent the sample. The entire 
process is considered self-sustaining on the basis that electrons are created at 
the cathode to replace those lost at the anode. Hence, no external ionization is 
required [25]. 

The relationship between current and operating voltage is a characteristic by 
which gas discharges can be identified. Figure 2.1 illustrates this relationship; 
several types of discharges are identified along with their associated electrical 
behavior [26]. In the to 10-15-A region (regions B and C) are the electrical 
discharges requiring an external source of ionizing radiation to maintain current 
flow [24]. A feature of these discharges is the lack of luminosity resulting from the 
small number of collisional excitation processes. At 10-lo A the discharges 
possess the ability to sustain current flow independently of external assistance, 
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with 10-7 A (region D) marking the beginning of those discharges that typically 
show luminosity [27]. At the point where the discharge is carrying approximately 

A of current, the realm of the glow discharge is reached. As current continues 
to increase, a transition occurs from the corona discharge (region E )  to the 
subnormal discharge (region F )  to the nomal discharge (region G). While operat- 
ing in the nomal discharge mode, an increase in current will produce no change in 
voltage (ie., current density is constant) [24,25]. Physically, the luminous region 
is observed to increase its coverage over the cathode. When the entire cathode is 
covered, the abnormal region is reached (ca. A ) (region H ) ,  and any increase 
in current produces an increase in the discharge potential [25]. Beyond the 
abnormal region is the transition to high current arc discharges (region I ) .  

The most common gas discharge is the low-pressure (typically 0.10-10 
ton) glow discharge. Typified by the familiar neon light, the appearance of glow 
discharges varies with the gas (type, pressure, purity, etc.), the dimensions of the 
vessel, and the geometry of the electrodes. Figure 2.2 is a common depiction of 
the luminous and nonluminous regions of a glow discharge; this figure is often 
termed the “architecture of the glow” [25]. Below the diagram are plots that show 
the status of luminosity, potential, field, charge density, and current density with 
respect to the specific discharge regions. 

Moving left to right away from the cathode, the first region encountered is 
the Aston dark space. This region has a net negative space charge resulting from 
secondary electrons released during the sputtering event [24]. Beyond the Aston 
dark space and up to the negative glow, positive ions are acting as the primary 
charge carriers. Interaction of these positive ions with slow electrons creates 
energetic neutrals that radiatively relax to produce luminosity and the cathode 
layer (see Fig. 2.2) [24]. Electrons that pass through the cathode layer without 
undergoing collisions acquire energies up to that of the cathode fall potential. This 
increase in energy results in a lower probability for collision between electrons 
and gas atoms, and the creation of a low-emission intensity region called the 
cathode dark space (also temed the c a t ~ o d e ~ a l l  region). Throughout the cathode 
dark space, a net positive space charge exists. This positive space charge produces 
a large enough poten gradient that the majority of the discharge voltage is 
dropped across this region. Because of this potential gradient, electrons are 
accelerated to a sufficient energy to ionize the discharge gas on collision. Conse- 
quences of these ionizing collisions are the multiplication in the number of 
electrons [23] and the reduction in their energy. As the energy of the electrons is 
reduced, the cross section for excitation of atoms increases. Radiative relaxation 
of excited atoms leads to visible radiation and the formation of the negative glow 
region. As more collisions occur, electrons are slowed further, decreasing the 
collisional cross section until excitation of atoms is no longer favorable. This 
results in the fomation of the Faraday dark space. Continuing toward the anode, 
the potential gradient accelerates the electrons to the point where excitation and 
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ionization begin again. Here, a faintly luminous region called the positive C O Z ~ ~ ~  
can form, and positive charge carriers are balanced by negative charge carriers 
[23,24]. Electrons are accelerated out of the positive column, attaining a velocity 
that favors only ionization and not excitation in the anode dark space region [24]. 
Here, the field strength, negative space charge, and negative current density all 
increase. Adjacent to the anode, the cross section for electron impact excitation is 
large, and the negative current density i s  the greatest; a luminous region, the anode 
glow, is created. 

In most glow discharges only a few of these regions are observable, many of 
them disappe~ng as the cathode-to-anode distance is decreased. Generally, in 
glow discharges used for analytical applications, only the cathode dark space, the 
negative glow, and the Faraday dark space are distinguishable. The only region 
absolutely necessary for the existence of the discharge is the cathode dark space; 
all other regions serve to maintain the current flow [28]. If the anode is moved into 
the cathode dark space region, the discharge is extinguished, a feature often 
employed in shielding certain parts of the discharge hardware from the glow. 

putter ~ t o ~ i z a t i o ~  

One oft-touted strength of the glow discharge is that the sampling step is separate 
from the excitation and ionization steps [29]. This aspect of the glow discharge is 
unique, providing atoms that retain little “memory” of the chemical environment 
from which they came, thus reducing matrix effects. The process of cathodic 
sputtering for creating a representative gas-phase sample population i s  central to 
the analytical utility of the glow discharge. Once sample atoms are liberated, 
excitation and ionization occur, the latter process placing the species of interest in 
a form suitable for mass spectrometric detection. 

The cathodic sputtering process liberates atoms directly from the solid 
cathode into the gas phase [30]. Unlike thermal processes (see Chapter 1), cath- 
odic sputtering results in the release of atoms on impingement of gaseous species. 
In the steady state, positive gas ions are accelerated across the cathode fall region 
toward the cathode surface. Before impact, these ions recombine with Auger 
electrons released from the surface [3 11. These newly created gas neutrals strike 
the cathode and implant themselves into the atomic lattice, transferring their 
momentum and kinetic energy to the lattice through a collisional cascade. A 
fraction of the energy transferred to the lattice is reflected to the surface. If an atom 
absorbs energy greater than its binding energy, the atom may be released into the 
gas phase above the surface. Figure 2.3 is an illustration useful in visualizing the 
sputtering process [32]. As a result of the sputtering event, not only are individual 
atoms released, but clusters of atoms, secondary ions, and electrons are liberated 
from the surface. Electrons are accelerated across the cathode fall region into the 
negative glow, where they are available to participate in excitation and ionization. 
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Sputtered Particle 

V a c u u ~  

The process of cathodic sputtering. 

Secondary ions return to the sample surface through the influence of the electric 
field at the cathode. Individual atoms and clusters of atoms undergo collisions that 
may dissociate the clusters and redeposit material at the surface. A percentage of 
these sputtered atoms, however, diffuse into the negative glow for subsequent 
excitation and ionization. 

The eEect of an ion’s impact on a sample lattice is measured by the sputter 
yield, Y [7]. This value is a measure of the number of atoms removed from the 
surface as a result of an impact by one primary ion. Several physical parameters 
afTect sputtering [33], including the angle of incidence of the incoming ion, the 
masses of the incident ion and the sputtered atom, the incident ion energy, and the 
surface binding energy [34]. The sputter yield is often expressed by the following 
equation: 

(2.1) Y = 10-6(q . N .  e /M.  if) 

where q is the sputtering rate of the sample measured in micrograms per second, 
N is Avogadro’s number (mole-l), e is the electronic charge (coulombs), M is the 
atomic weight, and i+ is the ion current in amperes. The ion current is related to the 
total current, i, by the expression 

(2.2) i+ = i/(l + y) 

where y is the number of secondary electrons released, on the average, by one 
incident ion. For argon, y is approximately 0.1 [35]. 
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Most sputter yield data, involve tightly focused, highly energetic primary ion 
beams; this is the basis for secondary ion mass spectrometry (SIMS) (see Chapter 
4). Because the physical processes are identical in the two techniques, sputter 
yield data reported in the SMS literature are often used to explain the parameters 
influencing glow discharge sputtering. One should recognize, however, that inci- 
dent ion energies are much lower in the glow discharge than in SIMS, and that 
there is a significant amount of sample redeposition in the GD due to the ambient 
fill pressure. For a detailed discussion of the influence of these parameters the 
reader is referred elsewhere [22,36,37]. In general, the sputter yield increases as 
the ratio of the mass of the incident ion to the mass of the target atom ( ~ ~ / ~ ~ )  
approaches unity, as the angle of incidence moves away from normal (up to 70°), 
and as the incident ion energy increases. The dependence of sputtering on the 
target material is a slightly more complicated relationship. The yield is seen to 
increase going from left to right in any one row of the periodic table. Carter and 
Colligon [38] and Wehner [36] have shown that, with minor exceptions, the 
sputter yield closely follows the state of the electron concentrations in the atoms’ 
“d” shells (i.e., the greater d-shell filling, the great the sputter yield). This 
phenomenon is believed to be related to the penetration depth of primary ions. In 
targets with more open electronic structures, ions penetrate to such depths that the 
transmission of energy back to the surface where sputtering occurs is less efficient. 
In filled d-shell atoms, the penetration of ions is relatively small and energy is 
more readily projected back toward the target surface, resulting in larger sputter 
yields. 

Besides the general sputtering theory that was developed to accompany 
experimental ion beam data [39], several mathematical models have been devel- 
oped [40-421. The success of these models to the physicist is measured by how 
accurately they predict sputter yields; to the rest of the scientific community, the 
success of these models is measured by how well they convey the sputtering 
theory to their audiences. Sophisticated computer programs, often employing 
Monte Car10 calculations and requiring large amounts of computer memory, have 
generated data about primary ion penetration depth, sampling depth, and colli- 
sional transfer of energy, as well as information about the nature of the ejected 
species. To this author’s knowledge, however, no satisfactory model has been 
developed to explain glow discharge sputter/ato~zation. 

Once cathodic species are atomized, sufficient energy must be imparted to ionize 
them. Collisions occurring throughout the discharge volume are central to main- 
taining the stability of the discharge. However, only those collisions that occur 
in the negative glow region (less than one mean free path from the ion exit orifice) 
produce a significant enough population of ions to perrnit trace elemental analysis. 
Figure 2.4 illustrates the three principal types of collisions in the negative glow 
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Principal types of collisions occurring in the glow. (From Ref. 43.) 



Glow Discharge  Mass  Spectrometry 

Electron  impact  (El)  ionization 

X0 

enning ( m e t a s t a ~ l ~ )  ionization 

Figure 5 Electron impact and Penning (metastable) ionization processes. 

[43]:  those  involving  electrons (e-) ,  excited state species (A*), and  ions (A+). 
Within  the  framework of these collisional processes  are  two  principal  mechanisms 
that  serve to remove  completely an electron  and  cause  ionization: electron impact 
(EZ) ionization  and  Penning  (metastable)  ionization. These ionization  mechanisms 
are  illustrated in Fig. 2.5, where W is a sputtered  atom  and X; is a metastable  atom 
created  from the inert  discharge gas X .  

Electron  impact  ionization  occurs  when  an  electron of sufficient  kinetic 
energy  comes  in close contact  with  an  atom. The incident  electron  undergoes  an 
elastic collision  with  an  electron in an atomic orbital of the atom  with  which it 
collides. This can  result  in kinetic energy  transfer  from the first electron to the 
second  and  subsequent ejection of the second  electron from the  target  atom  [44, 
451. However,  there is only a small  probability  that a collision  with  an electron will 
result  in  ionization. The probability is zero  below  some  threshold  value  and 
increases  as  the electron energy  increases  [at a rate of where C is the 
cross  section  (46)];  eventually the probability  reaches a maximum  and  then 
decreases.  At the threshold  value  only  collisions  that  result in complete  transfer of 
all kinetic  energy of the impinging  electron  produce  ionization.  Above  this  value, 
glancing  collisions of higher  energy  transfer  enough  energy  to  cause  ionization.  At 
very  high  energies,  however, the duration of the overlap of the  wave  functions, 
through  which  energy is transferred,  becomes  too  short  and  the cross section 
begins  to fall [46]. 
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Although  the  average  energy of glow  discharge  electrons  (reported to be  on 
the order of  2-4 eV) is not  high  enough  to  ionize  many  elements or the discharge 
gas  [23,47,48], the Boltzmann  distribution of energies  provides  a  fraction  of 
electrons with  enough  energy to ionize all elements.  Chapman  [23]  has  performed 
calculations  using the Maxwell-~oltzmann distribution to determine the fraction 
of electrons  with  enough  energy  to  cause ionization of the  noble gases, For  a 
thorough  account of these calculations, the reader is referred to the  book Glow 
Discharge Processes [23]. 

The second  major  ionization  mechanism  in  an  abnormal  glow  discharge is 
named for F. M. Penning,  who  discovered the effect  in  1925  [49].  Penning 
ionization  involves  the  transfer of energy from a metastable  state of the  discharge 
gas to ap atom or molecule. If the ionization  potential of the  atom or molecule is 
lower  than  the  energy of the metastable state, ionization  can  occur.  This  process 
may be thought of  as  nonselective  since  different  elements  generally  exhibit 
similar ionization cross sections for Penning  ionization. Metastable states are 
created  through  the  excitation of discharge  gas  atoms into an  electronic  level  from 
which  radiative  decay is forbidden  by  transition  selection  rules. For argon  these 
are  the 3P, and 3P, states at 11 S eV and 1 1.7 eV, respectively.  Metastable  species 
are  long lived, existing for several  milliseconds  under  typical  discharge  conditions 
[50]. In addition,  metastable  species  have  a  reported  cross  section for ionization  an 
order of magnitude or more  higher  than  electrons.  For  these  reasons,  metastable 
atoms  play  a  disproportionate  role  in  ionization  in  some  discharges [ 12,5 1-53]. 
Table 2.1 lists the metastable states for the  rare  gases  most  often  used  in CDMS. 

Other  mechanisms  besides electron and Penning ionization have been 
shown  to  contribute to the ionization of sputtered  neutral  species,  but  their  roles 
are  believed to be less s i g ~ ~ c a n t .  Table  2.2 is a partial list of these  mechanisms. 
These  are  reviewed in detail  elsewhere 154-571. Since factors  such  as  discharge 
pressure,  type of discharge  gas, electron energy  and  number  density,  and  cathode 
geometry all influence the ionization  process,  no  one  mechanism has surfaced as 
dominant  in all glow  discharge  devices. 

Low-Lying  Metastable  Levels of Rare  Gas  Atoms 

Gas  Metastable  energy  (eV)  Ionization  potential  (eV)  Spectroscopic  notation 

He  19.8,  20.7 24.58 23s, 21s 
Ne  16.6,  16.7 21.56 3P2,  3P0 
Ar 11.5,  11.7 15.76 3p2, 3P0 
Kr 9.9,  10.5 14.00 3P2, 3P0 
Xe  8.3,  9.4 12.13 3P2,  3P0 

Source: Ref. 25. 
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Nonsymmetric charge transfer x+ + MO-+M+ + x0 
Symmetric (resonance) charge transfer A&, + A:?,, + Aiow + A!ast 
Pissociative charge transfer X +  + MA + M + A  + X o  
Associative ionization X ~ + M + X A 4 + + e -  
Photoionization MO + hu -+ M +  + e- 
Cumulative ionization MO + e- -+ M* + e- -+ M+ + 2e- 

Source: Ref.  19. 

elin 

During  the last few  years,  several  groups  (primarily led by  Professor R. Gijbels  at 
the  University of Antwerp)  have  been  trying  to  model the interactions of atoms, 
electrons, ions, and  excited  state  species  in  the  glow  discharge.  Using  sophisti- 
cated  mathematical  relationships  in  concert  with  an  abundance of previously 
obtained  experimental  information,  these  investigators  have,  among  other  things, 
attempted  to  predict  the  role of metastable  argon  atoms [SS] ,  simulated  the  motion 
of species  in  the  cathode dark space [59], and  described  the  thermalization  process 
of sputtered  atoms  [60]. In most  instances  these  calculations have agreed  well  with 
experimental  data.  The  real  success of these  efforts,  however,  will  be  the  extension 
of the  work to predict  some  as  yet  undiscovered glow discharge  phenomenon,  or 
to  explain data for which  no  answer  has  been  previously  hypothesized  (e.g., 
relative sensitivity factors for exotic  matrices). In the  next several years,  the  bene- 
fits  of  this  approach  may  be  realized  in  improved  analytical  performance  in 
GDNIS. 

The inst~mental components of a glow  discharge  mass  spectrometer  are a hodge- 
podge of ionization  sources  in  combination  with  virtually  every  type of  mass 
spectrometer  that exists today. Several commonalities,  however,  can be found 
among the wide  number of possible  combinations.  First, all of the  sources  consid- 
ered  here operate at reduced  pressures (0.01-10 torr for the examples  given). 
Typically,  this  pressure is for an ambient  rare  gas;  however,  examples  can  be 
found  in  which  other  fill  gases  have  been  employed  [61,62].  Because  most  mass 
analyzers  operate  optimally  at a lower  pressure  than the ion  source,  differential 
pumping is required to obtain  pressures  torr.  These  pressures facilitate a 
collision-free  ion  flight  path  but  cause  problems  in  interfacing  GD  sources  to 
certain  analyzers  (e.g.,  Fourier  transform  mass  spectrometers).  Often  the  operat- 
ing  pressure,  cathode/anode  arrangement,  and  power  supply  output dictate what 
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type of operating  mode is being  employed;  however, the primary  consideration is 
the formation of ions for subsequent  mass  analysis. The variations  employed  often 
result  from  personal  preference  combined  with  the desire to  perform  a  certain  type 
of experiment or analysis  or  from  availability of equipment. 

re~ara t io~  Schemes 

Unlike  solution  based  methods  in  which  the  sample is dissolved in an aqueous 
medium  that  usually  includes  some  small  percentage of mineral  acid,  in CDMS 
the  sample is not  a  homogeneous liquid, but  a  solid,  and  can  therefore  take  a  num- 
ber of forms  (e.g.,  machined  hollow  cathodes,  compacted disks, and  dried  solution 
residue). In the next  section,  cathodelanode  geometry is discussed;  in  the  section 
presented  here, an equally  important  but  often  overlooked issue, the physical form 
of the  sample, is discussed. 

The simplest  sample  preparation  involves  machining  the  material into the 
desired  shape  immediately  prior to analysis.  Even  with  this  approach,  however, 
the sample is usually  etched  in  a dilute mineral  acid or electropolished to remove 
surface  impurities,  rinsed  with  an  organic  solvent to remove  oil  residue,  and  dried 
in  an  oven.  Often,  however, the sample is not  large  enough to be  machined into 
a  cathode, or it is in the form of a  powder.  In  this latter case, the sample is usually 
pressed into the desired  shape  in  a die. The mechanics of this  process  varies 
widely,  but  there  are  usually  a  grinding step, a  homogenization  step,  and  a 
pressing  step.  In our laboratory  we  press  pin-shaped  cathodes by drilling a  2-mm 
hole in  a  polyethylene  slug  2.54 cm in  diameter by 5.08 cm in length. The powder 
is poured into the  void  made  by  the drill bit,  and 11 metric  tons of pressure is 
applied to the  slug. This compresses  the slug enough to compact the powder into a 
rod -1.5 mm  in  diameter.  When the pressure is released,  the  sample falls out of the 
slug. The pin is then  trimmed to the desired  length  prior to analysis. This technique 
works  equally  well for conducting  and  nonconducting  samples. We have  found 
that  powders of 325  mesh  hold  together  better  than  those  that  are  more  coarse. A 
slight variation of this  approach is to mix  a  nonconducting  sample  with  a  conduct- 
ing  binder  prior  to  pressing  the  mixture. This allows the material to be run with  a 
conventional  direct  current  (dc)  discharge. We have  found  empirically  that  sam- 
ples  with  greater  than 10 weight  percent  nonconducting  material  perform  poorly 
in the discharge. A similar  approach  to  compacting  samples  has  been  applied to 
dried solution  residues  [63]. In a series of articles, Barshick et al.  [63-651  demon- 
strated  how  as little as 100 pL of a l-ppm solution  can be analyzed  as  a  dried 
residue  homogenized  with  silver  powder.  Unique to this  approach  was  the  homog- 
enization of the  residue  with  a  binder. This provided  a  stable  ion signal for more 
than 1 hour,  compared  with  a  transient signal lasting  less  than 15 minutes  when  the 
solution is dried on the surface of a  target  cathode  [66,67]. If  an additional step 
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(low-temperature  ashing) is applied  to  the  solution  prior to homogenization, 
metals  can be analyzed  in  organic  solutions  (e.g., oil) [65]. 

Several disadvantages to using  compacted  samples  have  been  cited [68], 
including  surface  contamination of the sample from the die, adsorption of water 
vapor  on  the  individual  powder  grains,  need to homogenize the material  carefully 
to ensure a  representative  sample,  and  need for a  high-purity  binder. These prob- 
lems, although  often  easily  overcome,  have  prompted  individuals to search for 
alternative  methods of sample  preparation. One method is to mix the sample  with 
gallium [69]. At slightly  elevated  temperatures (~30°C) gallium is a  liquid.  Once 
homogenized  with  the  powder, it can  be  poured into an  appropriately  shaped  mold 
and  cooled. The cooled  metal is removed  from the mold  and  analyzed in a 
cryogenically  cooled  discharge cell as if it were  a  machined  solid. 

A second  approach  that  has  been  used  extensively in our laboratory is to  roll 
a  high-purity  indium  pin (99.999%) in  the  powder  we  wish to analyze [70]. Be- 
cause indium is soft,  a  fraction of the  powder is impregnated into the  metal. The 
indium  serves  solely  as  a  host,  supporting  the  discharge  processes  (i.e., the sample 
is atomized  along  with  the  indium).  This  approach  has  proved  especially  useful 
when  we  have  small  amounts  of  powder to analyze (c 1 mg) or when  the  material 
is difficult to get into solution.  Using this approach,  we  have  observed  ion  signals 
lasting up to 1 hour from discharge  initiation  and  precision  comparable to that  in 
other  sample  preparation  methods.  Battagliarin et al.  have  reported a variation of 
this  approach [68] that  uses  a  special  pressurized  vessel of their  own  design. The 
powdered  sample is placed  in  this  vessel. h indium  rod is inserted into the vessel 
so that it is brought into contact  with  the  powder. The die is heated for 2 hours  at 
190T at atmospheric  pressure  until the chamber  has  reached  a  uniform  tempera- 
ture; the  oven is then  pressurized to 70 bar  with IN,. The high  pressure forces the 
now-liquid  indium into a  mold.  On  cooling,  the  solid  sample  can  be  removed  from 
the  die  and  trimmed to the  appropriate  length for analysis. 

Hess et al.  have  developed  a  novel  sample  preparation  scheme  based  on 
electrochemical  deposition [71]. Although  this  approach  was  not  designed for 
routine  sample  analysis, it has been  advocated for preparing  standard  materials 
to aid  in  quantitative  analysis. The procedure is as  follows: silver pins (1.5 mm in 
diameter X 20.0 mm in  length)  are  first  pressed  from  pure silver powder.  These 
pins  are  then  polished to a  high luster and  inserted into an  electrochemical cell 
consisting of a  working  electrode,  an  auxiliary  electrode,  and  a  salt  bridge.  The 
necessary  potentials  are  supplied  by  an IBM EC/225 voltametric analyzer  with  a 
variable  potential of - 5 to + 5 V. The metal  ions  used for deposition are obtained 
by pipetting  the  appropriate  amount of a 1OOO-pg/mL standard  solution into a 
reaction  vessel.  After  removal  from  the  electrochemical cell, the  samples are 
washed  with  deionized  water  (while  the  voltage is still applied)  and  dried  over- 
night  at  110°C.  Once  they  are dried, the  cathodes  are  weighed,  crushed,  and 
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homogenized; the resulting  powder is then  mixed  with  an  equivalent  weight  of 
silver to assure  sufficient  material for preparing  compacted  pin  cathodes of the 
type  described.  Linear  calibration  curves  (analyte  signal  intensity  versus  cathode 
concentration)  have  been  demonstrated,  although  relative  sensitivity  factors  agree 
only  marginally  well  with  those  obtained for solid  samples [7 l]. 

There are  several  ways of~categorizing glow  discharge  ion  sources. The one  most 
often  employed  considers  the  arrangement of  the  cathode  with  respect  to  the 
anode.  Another is to consider the operating  characteristics  (pressure  and  power) of 
the  various  sources,  and  another is to  separate  them  on  the  basis of whether  they 
operate  with a direct current  (dc)  or  radiofrequency (rf) supply, or with a supply 
that  operates  in a constant  or  pulsed  voltage  mode.  Because all of the discharges 
under  consideration  can  be  operated  in  either the dc or rf mode, a brief  review of 
each  type of operation is presented  next;  then  cathode  and  anode  arrangements 
are  considered,  with  operating  characteristics  such  as  pressure  and  power  high- 
lighted.  Finally, there exist several  unique  sources  that do not  fit  conveniently into 
any  one  category  but  deserve  mention. 

Direct Current and Radio  Frequency Glow Discharge Operation 

Analytical  glow  discharges  have  conventionally  operated  with a constant  negative 
dc  potential  applied  to  the  cathode.  There is no  reason,  however,  that  they  can’t 
be  operated  through the application of a pulsed  potential,  an  applied rf potential, 
or a positive  potential  applied to the  cathode.  Many  variations  have  been  tried 
alone  and  in  combination  with one another.  Perhaps  the  most  interesting  among 
these  (because  of the unique  capabilities  that it provides) is the  radio-frequency- 
powered  discharge. The analysis of nonconductors is covered  extensively  in a 
later chapter,  but a brief  overview is in order here, 

Because  current  cannot  flow  through  an  insulating  substrate,  the  application 
of a potential  to a ceramic,  glass, soil, or other insulating  sample  produces an ef- 
fect analogous to a charging  capacitor.  On  the  application of a negative dc 
potential  to  the  surface of the material,  negative  charge  exists.  Unlike  the  charge 
on a conducting  surface,  however,  this  charge  decays  rapidly  to a more  positive 
potential  as a result of charge neutr~ization reactions  with  ions at the  surface [72]. 
The result is a short-lived  discharge  that exists until a minimum  threshold  voltage 
is reached;  at  that  point  the  plasma is extinguished [73]. If  one  applies  an 
alternating  current  (ac)  potential  to  the  cathode,  the  surface is bombarded  by  an 
alternating  source of electrons  and  positive  ions. The greater  mobility of the 
electrons  results in the accumulation of more  electrons  than  ions  during the 
respective  half-cycles,  resulting  in a time-averaged  negative  dc  bias. This phe- 
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Voltage characteristics versus  time for pulsed direct current and radio fre- 
quency discharges. (From Ref. 73.) 

nomenon is illustrated  in  Fig. 2.6. For illustrative purposes,  consider  a 2-kV peak- 
to-peak  radio  frequency  potential (Va) and  the  resulting  potential  on  the  cathode 
surface (Vb). As the  potential is applied  during  the  first  half-cycle, the surface 
charges to -1 kV and  then  decays  to "-0.7 kV as  the surface is bombarded by 
positive ions. As the second  half-cycle  begins, the applied  positive  potential 
results  in a 1.3-kV potential  on the surface. It is during  this cycle that  electrons  are 
accelerated  to  the  insulator  surface,  neutralizing  the  positive  charge.  Because of 
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the greater  mobility of the electrons (compared  to  that of positive  ions),  the  surface 
potential  decays  toward zero faster than  in  the  previous  half-cycle;  the  resulting 
potential  on  the  surface is 0.5 kV As  the  second full cycle is initiated and the 
polarity of the electrode is switched,  the  resulting  potential is - 1.5 kV. After 
several  cycles, the waveform of V, reaches  a constant negative dc offset;  this is the 
self-bias ~otentia2. The  dc offset is approximately  one  half  the  applied  peak-to- 
peak  voltage. The exact value  depends on the discharge  pressure  and  source 
geometry. The sample surface is alternatively  bombarded by high-energy  ions  and 
low-energy electrons but for most  purposes can be  considered a continuous dc 
discharge  with  a  superimposed  ac  potential. 

Pin and Planar Cathode Discharge Geometries 

Pin  cathodes  (such  as that shown  in  Fig. 2.7) and  planar  cathodes  (such  as that 
shown  in  Fig. 2.8) are  the  two  discharge  geometries  used  most  extensively in 

S. This pattern is due primarily  to  the  simplicity of their const~ction and 
operation,  and  the  relative ease of sample  interchange.  Typical  operating  condi- 
tions for the  pin  cathode include pressures  that  range  from 0.5 to 5 torr of a rare 
gas,  voltages of between 500 and 3000 V, and  currents of between 0.5 and 5 d. 
The sample is usually  a cylindrical rod, 1-3 m in  diameter,  with 5- 15 m of 
length  exposed to the discharge.  Because of their convenient sample geometry, 
pin  cathodes  have  found  widespread  use  in trace elemental  analysis of bulk  solids. 

A planar  cathode  operates  under  similar  pressure  and  voltage  conditions to a 
coaxial cathode. To maintain. comparable current densities, however, these 

Ions, Atoms, Photons 

7 Schematic  diagram of a  coaxial  cathode  glow  discharge  source. 
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Schematic diagram of a planar cathode glow discharge source. 

sources  need  to  be  operated  at  currents  up to 15 d. Planar  cathodes  are  typically 
5 m to 5 cm  in  diameter  and  are  between  1  and 5 m in  thickness.  Cathodes  are 
formed  in  the  same  manner  as  the  coaxial  geometry,  by  machining  or  pressing. 
Because  these  sources  can  accommodate  larger  samples,  however,  machining the 
sample is often  not  necessary.  Instead,  a  portion  of the sample is simply  masked 
with  a  nonconducting  sleeve to localize sputtering.  Planar  cathodes  have  also 
found  wide  application  in trace elemental  analysis;  one  area  in  which  they  are 
especially  useful is in the  depth  profiling  analysis of thin  films. 

A variation of the planar  cathode is shown  in  Fig.  2.9, the Grimm  source. 
Named for W. G r i m  [74],  this  source is an  obstructed  discharge  in  which the 
anode  extends into the  cathode  dark space, defining the area of the  sample 
sputtered.  Because the sample is located  outside  the cell, easy  sample  interchange 
is facilitated. Like other planar  cathode  sources, the Grimm  source is particularly 
useful for the analysis of large  metal  sheets  and  thick  disks. These discharges 
typically  operate  at  between 500 and 1000 V, with  25 to 100 d applied  current 
and  a  pressure of between l and S torr,  These  sources  are  used  extensively  in 
atomic  emission spectrome~,  and  several have been  interfaced  with  mass  spec- 
trometric  detection  [75]. 

Hollow  cathode  discharges  are  perhaps  the  most c o m o n  glow  discharges  used  in 
analytical  chemistry.  Most  spectroscopists  are  familiar  with  these  devices  as  hol- 
low  cathode  lamps  used for atomic abso~tion spectroscopy.  Figure  2.10  contains 
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Schematic diagram of a Grim-type glow discharge source. (From Ref. 29.) 
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Schematic diagram of two  hollow cathode discharge sources. (From Ref. 29.) 
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illustrations of two  hollow  cathode  sources: (a) a conventional  hollow  cathode 
lamp  and  (b) a slightly  different  version of the  source  that  can  be  used for atomic 
absorption,  atomic  emission, or mass  spectrometry.  These  devices  operate by 
means of the hollow  cathode  effect  [76,77].  As a result of the coalescing of two 
discharges  from  parallel  plates, the current density  in a hollow  cathode  can  be 
several  orders of magnitude  larger  than  that  obtained by using a single  planar 
cathode  at  the  same  cathode fall potential  [78]. This results  in  atom  densities  that 
far exceed  those  found  with  planar  cathodes. As with other GD sources,  ionization 
occurs  in  the  hollow  cathode  lamp’s  negative  glow.  Ionization,  too, is greater  than 
that  produced by conventional  discharges,  and  many  investigations  that  take 
advantage of it have  been  conducted; the reader is referred to several  excellent 
articles  [76,79-811. The hollow  cathode  operates  at  somewhat  lower  voltages 
than  other  discharges (200-500 V) but  at  similar  pressures ( l  -5 torr).  Discharge 
currents  may  range  up  to  200  mA.  Hollow  cathode  lamps  may be sampled  in 
several  different  ways,  including  near  the  anode  or  alternatively  on the reverse 
side of the  cathode  [82,83]. 

A variation of the hollow  cathode  discharge  that  holds  potential for glow 
discharge  mass  spectrometry is the  hollow  cathode  plume.  Developed  primarily as 
an  atomic  ernission  source by Marcus  and  Harrison  [83], a hollow  cathode  plume 
is formed  when  the  discharge is restricted to a small  orifice  in  the  base of a 
conventional  hollow  cathode  [83-85].  Samples  take the shape of disks,  4.5  mm  in 
diameter  and 2 mm in  height  with a 1.5-mm  diameter  orifice. Like more  conven- 
tional  discharges,  cathodes  can either be machined  directly or pressed into the 
desired  shape.  Operating  conditions  are  comparable to those of other  discharges 
(pressures  range from 1 to 10 torr  with  currents of between 50 and  200  mA  and 
voltages of up to l000 V). Physically,  the  hollow  cathode  plume  plasma  resembles 
a torch  protruding  from a narrow  opening. The plume is believed to arise from 
pressure  and  field  gradients  caused by its construction  [83-85].  Preliminary mass 
spectrometric  data  showed  several  advantageous  characteristics  [86]  that as yet 
have  not  been  exploited  fully. 

Novel Glow Discharges 

A number of variations of the conventional  glow  discharge  have  been  developed 
for specialized  applications. Some of these  are of particular interest to optical 
spectrometrists  and  have  not  been  used for mass  spectrometry  beyond  proof-of- 
principle  experiments. An excellent article by Harrison et al. [87]  reviews  many of 
these  sources,  highlighting  applications  in  atomic  emission,  atomic  absorption, 
and  atomic  fluorescence  spectroscopies. Two  of these  sources  deserve  mention 
here. The  jet-enhanced glow  discharge is similar  to  the G r i m  source  but  with  six 
strategically  located gas jets that  improve  the  analytical  performance.  Argon from 
these jets helps  direct  the  atoms  sputtered from the surface  away  from  the  sample 
at a much faster rate  than  ordinary  discharges.  These  devices  have  been  marketed 



under the name  Atomsource by Analyte  Corporation [SS]. Piepmeier et al.  have 
used  these  sources  extensively for atomic  spectroscopy  as  well  as  mass  spec- 
trometry  and  have  demonstrated p e ~ o ~ a n c e  better  than that of conventional 
Grim-type sources  [89,90].  Typical  operating  conditions  approximate  those of a 
Grimm  source: 30 nu4 current, 900 V, and  2.5 torr argon  in  the cell, Widespread 
use of these  sources for mass s p e c ~ o m e t ~  has  not  been  observed,  perhaps 
because  the  vendor  has  primarily  marketed  these  sources for atomic  absorption 
spectrometry, or perhaps  because there is little flexibility in the  size  and  shape of 
the sample  that can be  analyzed  (i.e.,  as  in  the  Grimm  source,  samples  are disks a 
few  centimeters  in  diameter by a  few  millimeters  thick). 

Another  novel  source is the  atmospheric  sampling  glow  discharge  [91].  This 
device is based on establishing a  glow  discharge  in  ambient  air that is drawn into a 
region of reduced  pressure  between  two  parallel  plates.  Unlike  in  conventional 
glow  discharges,  ionization  occurs  as  a  result of chemical  ionization  (CI),  pre- 
sumably from ion-molecule  reactions. The sample is often  entrained in the air- 
stream  flowing  through  a 0 . 2 - m  orifice  in the first  plate. The discharge is 
maintained  in  the  central  region at a  pressure of -0.5 torr; 300-400 V is applied 
between  the  electrodes.  Under  these  conditions, the discharge current is 3-10 d. 
Air is pulled  through  the  orifice at a  rate of -5 &/sec;  because of this  relatively 
high  flow  rate,  analyte  response is almost  instantaneous.  Although  this  device 
holds the potential for analyzing  inorganic  analytes  entrained in air, to date it  has 
been  used almost exclusively for detecting highly volatile organic analytes 
[9  1,921. Ease of operation,  part-per-trillion  (ppt)  detection limits, and  a  wide  linear 
dynamic  range  have  made it an ideal source for explosive detection. A portable 
version is being  developed for use  in  airport  security  [93]. 

~ e c o n ~ a ~  Cathodes 

Clearly,  nonconducting  samples  pose  a  special  challenge for the  analyst,  and  yet 
a  sizable fraction of the materials desirable to analyze by  GDMS are nonconduct- 
ing, Two alternatives  that  aid in the  analysis of these  materials  have  already  been 
discussed: the use of a  radio  frequency  glow  discharge  and  mixing of the non- 
con~ucting sample with  a  conducting  binder. A third, a  secondary or s ~ o g a t e  
cathode  in  combination  with  a  conventional dc discharge,  has also been  used. 
Such an approach  consists  simply of “masking” the  insulating  cathode  with  a  thin 
(-0.25 m) h i g h - p u ~ ~  metal  (e.g.,  gold or tantalum). A numb~r of configurations 
have  been tried, and each has  met  with  a  degree  of  success. The most  widely  used 
approach is to use  a  solid  disk  with  an  orifice  in  the  center (-3-6 m in diameter) 
as the secondary cathode [94-961. In most  discharges  a large ~raction of the 
sputtered  atoms  are  deposited  back  on  the  conducting  cathode  and  subsequently 
sputtered  again.  Because  the  conducting  mask  has  a  hole  in it, a  fraction of the 
atoms from the mask are redeposited  on the insulator  beneath it. The sample 
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surface  soon  becomes  conducting  and  begins to attract  argon  ions.  Because  the 
energy of the  impinging  ions is sufficient  to  penetrate  the  thin  metallic film, atoms 
from  the  underlying  insulator  are  sputtered.  An  equilibrium is soon  established 
between  the  redeposition of metal  atoms  and the sputtering of insulator  atoms, 
resulting  in  a  steady-state  discharge  with ions representative of the insulating 
material  and  the  cathode  metal. Several investigations  have  focused  on the surro- 
gate cathode  material  and  geometry [94-961. The results  obtained  have  been  on 
par  with  radio  frequency  analysis for similar  samples,  with one group  demonstrat- 
ing precision of 6% relative  standard  deviation (RSD) at the part-per-~llion 
(ppm)  level  and  detection limits in  the  part-per-billion  range [94]. Interferences 
from the mask  are  a  concern,  however,  because of the relative sputtered  atom 
densities  (i.e.,  the  atom  density of the mask  material is orders of magnitude  greater 
than  that  of the sample). 

Unlike  in  optical  methods,  in  GDMS it is necessary to transfer  species out of 
the  plasma  and into the detection  system.  Although  the  pressure  differential  alone 
is sufficient to transfer  a  mixture of atoms  and  ions from the plasma,  an  extraction 
voltage  applied just beyond the exit orifice of the cell enhances  the  fraction of ions 
in the  final  beam.  Depending  on the type of mass  analyzer  used,  an  additional 
degree of energy  filtering  may be necessary  to reduce the energy  spread of the 
ions. Two commonly  employed  energy  filters are Bessel  boxes  and  electrostatic 
analyzers (see Fig.  2.1  1).  Five  types of  mass  analyzers  are  used  extensively  with 
glow  discharge  plasmas. Two of these,  magnetic  sectors  and  quadrupole,  are 
illustrated  schematically  in Fig, 2.12;  ion  traps  and  time-of-flight  analyzers  are 
discussed  in later chapters.  For  a  magnetic  sector,  fields  generated by spinning 
charged  particles  (ions)  interact  with  a  magnetic  field  imposed  on  their  flight.  The 
particles  follow  a  curved  path  with  a  radius propo~ional to their  mass-to-charge 
ratios, separating  ions of different  mass  in  space. A series of mechanical  slits 
define  the  beam shape and  hence the resolution.  Electrostatic  energy  analyzers 
(ESAs)  are  often  employed  in  combination  with  magnetic  sector  devices.  In  the 
case of the  commercially  available  VG9000 [20,97] glow  discharge  mass  spec- 
trometer,  the  ESA is positioned after the  magnetic  sector  (in the so-called  reverse 
Nier-Jo~son geometry). The ESA  deflects  the  ion  beam  90" to select and  transmit 
a  nominal  ion  energy,  and the unwanted ions deviate  from  this  path  and  are 
absorbed by the  walls  (Fig.  2.11). 

A second  commonly  used  mass  analyzer is the quadrupole. A quadrupole 
acts as  a  mass  filter,  allowingta  certain  mass-to-charge ratio of ions to be transrnit- 
ted  while  filtering  out all others. The quadrupole  consists of a set of four electrodes 
positioned  in  an  array.  Superimposed  radio  frequency  and direct current  electric 
fields  can be mutually  tuned to allow  transmission of ions of the selected  mass-to- 
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Schematic diagram of (a) an electrostatic energy analyzer and (b) a Bessel box 
energy  analyzer. (From Ref. 19.) 

el box is often  positioned  in front of the  quadrupol 
window of ions  that  may  enter.  An  ion  entering  th 

take  one of several  trajectories  (see  Fig. 2.1 1). If the ion does  not  possess  a 
~ n i m u m  energy,  as  determined by the potentials  on the Bessel  box  lenses, it is re- 
pelled  back  toward  the  entrance  aperture (el). If the energy of the  ion is too  great, 
the  field  does  not  deflect  the  ion  sufficiently to move it around  the center stop  and it 
collides  with the exit plate (e3). If the ion  has  the  right  energy, it is deflected  around 
the  center stop and  out  the other side (e2). 
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Schematic diagram of (a) a magnetic sector mass spectrometer and (b) a 
quadrupole mass  Spectrometer. 

Once the ions exit the  mass  spectrometer,  they  must be detected.  Several 
different  detection  systems are used  with  glow  discharge  mass  spectrometers, 
including  Faraday  cups, electron multipliers,  and  microchannel  plates.  Choice of 
detector is often  independent of the kind of mass  spectrometer,  although  some 
combinations of mass  analyzer  and  detector axe more  common  than  others  (e.g., 
microchannel  plates  are  used  extensively  with  time-of-flight  mass  spectrometers). 
Faraday  plates  are the simplest  type of detectors,  These  devices  usually  consist of 
a thin  metal  plate,  electrically  isolated  from the housing  and  positioned to inter- 
cept the  charge  flux  emerging  from the mass  separating  device  (i.e., q u a ~ p o l e  
rods,  magnetic  sector, etc.). Collisions of ions  with  the  plate  induce a current  that 
can be amplified  and, by dropping it across  a  resistor,  converted to an  output 
voltage.  This  detector  requires a relatively large current flux (typically  greater  than 
10 PA)  and is used  primarily for monitoring  major  species  in a spectrum. To detect 
the trace constituents,  an  electron  multiplier is often  employed. The multiplier is 
usually  positioned off the  ion  axis to reduce  high-energy  ion  and  stray  photon 
noise. The aperture of the multiplier is held at a large negative  potential  to 
accelerate the ions  emerging from the mass  spectrometer  toward the surface of the 
device.  At  the  surface,  ions  impact  and  release free electrons that are  multiplied 
through a cascade  process,  generating  gains of up to lo6. Some multipliers  can be 
operated  in  both the analogue  and  pulse-counting  modes.  In the analogue  mode, 
the  current  generated  by the multiplier is output  in a similar  fashion to that 
generated  by a Faraday  plate.  In  ion  counting  mode, each incident  ion  on the 



surface of the multiplier  generates  a  pulse of electrons. This pulse is fed to an 
amplifier  and  then to a  discriminator  that  conditions  the  pulse,  filters  out  the 
background,  and  directs it into a  counterlprocessor  whose  output  consists of a 
digital count  rate. 

One  specific type of pulse-counting  detector is called  a  Daly detector after 
its developer  [98].  In  this  system,  the  ion  beam is accelerated  to 20 kV and  directed 
to a  highly  polished  surface of a  material  with  a  large cross section for secondary 
electron  emission.  Ejected electrons impinge  on  a  plastic  scintillator,  whose 
flashes of light are  registered by a  photomultiplier  outside  the  vacuum  system. 
Data  processing  then  proceeds  as  with  the other pulse-counting  detectors. 

S has  found widespread  analytical  application in trace  element  analysis,  and 
its greatest  use  in the routine  analysis of metals,  alloys,  and  semiconductors. In the 
last 10 years,  GDMS has become  a routine technique,  providing  reliable data in 
commercial  laboratories.  Semiconductor  materials  compose the majority of sam- 
ple types  analyzed  by GDMS, but  as  new  methods are developed  to  analyze  such 
things  as  solution  residues  and  nonconductors  (e.g.,  glasses,  ceramics,  and  soils), 
analysis of other types of smples may  become  more  common mong  GDMS 
practitioners. This section  highlights  some of the  novel  applications of GDMS; 
most  of the examples are from the past 10 years. The discussion is not  intended to 
be  all-inclusive  but to provide  an  overview of the direction  in  which the field is 
moving. 

The precise  measurement of isotope  ratios of solids has  always  been  an  important 
area in inorganic  mass  spectrometry.  These  measurements  are  usually  performed 
by  using  thermal  ionization  [see  Chapter l, as  well  as  excellent  reviews  by  Heu- 
mann  (99)  and  DeLaeter (loo)]. However,  recent interest in  environmental  chem- 
istry  and the expanding  role of mass  spectrometry  in  nuclear  technology  have 
~enerated a  need for rapid,  relatively  precise  measurement of isotope  ratios in bulk 
solids.  Most of the  work  in  this  field  has  proceeded in two  laboratories: the 
Institute for ~ransuranium Elements  in  Karlsruhe,  Germany [loll,  and  the  Oak 
Ridge  National  Laboratory in Oak Ridge,  Tennessee. The i n s t ~ ~ e n t  used  in  both 
cases was the VG-9000  double-focusing  magnetic  sector  with reverse Mer- 
J o ~ s o n   g e o m e t ~ .  A direct current  discharge  was  used for all of the studies 
reported; the ~ a r l s ~ h e  group used  a  secondary  cathode for nonconducting  sam- 
ples  and  the  Oak Ridge group  mixed  their  nonconducting  samples  with  copper  or 
silver powder  prior to analysis. 
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Zirconium,  aluminum,  lithium,  and  boron  are all important  elements  in 
nuclear  chemistry [loll ;  zirconium  alloys, for example,  are  used  as  cladding for 
nuclear fuel. Because  nuclear  processes  distort  the  isotopic  composition of these 
elements,  measuring  them before and  after a process  provides  important  informa- 
tion  with  regard  to  reactor  operation.  Glow  discharge  mass  spectrometry is well 
suited to this type of measurement,  as  exemplified by the isotopic  analysis of  zir- 
conium  samples  containing  plutonium [ 1011. It had  been  proposed  that  the  anal- 
ysis of zirconium alloys could be hindered by the presence of multiply  charged 
isobaric  interferences  formed though the  combination of plutonium  with  argon 
[ 1011.  No evidence of the  formation of the  plutonium  argide  bivalent  and  trivalent 
species  was found, however,  and the isotopic composition of zirconiu~ in  an 
unknown  sample  compared  well  with  the  composition  of  natural  zirconium [ 1011. 

In many  applications,  discerning  the  importance the abundance of a particu- 
lar isotope is difficult  without a precise  measurement.  Experiments  at  the Oak 
Ridge  National  Laboratory  were  directed at establishing  how  well isotope ratios 
could be measured  with GDMS. External  precision  was  better  than 0.03% for 
ratios  measured for the  matrix  element [ 1021. When  the element was  present  in 
concentrations of -0.5 weight percent, external  precision  was better than 0.1 5%; 
this  value  worsened to 1% for elements  with  concentrations in the 10- to 20-ppm 
range  [102].  Although  these  ratios are of sufficient  quality for many  applications, 
some  results  suggest  that  better  values  would  have  been  obtained by better 
controlling  discharge  conditions.  One  specific  observation, a linear  drift  in  the 
values of the  ratios  that  correlated  with the argon gas pressure  (see  Fig.  2.13),  gave 
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Measured copper isotope ratio as  a function of argon discharge gas pressure in 
torr.  Numbers indicate the order in  which  measurements at a particular pressure were taken. 
(From Ret 102.) 



reason  to  believe  that  more  accurately  controlling  the  source  pressure  would lead 
to  improved  external precision, It is not  clear  why  the  discharge  pressure  influ- 
ences  the  measured  isotope ratio; one  possible  explanation is related to the 
changing  discharge  geometry  that  accompanies  the  pressure  change. 
extraction  efficiency  varies as a function of  mass  and  distance  from the ion exit 
orifice, isotope bias may be introduced  with the changing  spatial  relationship 
between  the  sample  and the extraction  optics. This explanation  has  not  been 
verified,  however; the whole  phenomenon of isotopic bias is difficult  to  access 
experimentally  in  nearly  all fields of mass  spectrometry. 

The rapid  development of commercial inst~mentation has  meant that analyses 
that  were  previously  carried  out  only by thermal  ionization  (often  with  isotope 

done  with  inductively  coupled  plasma  mass  spectrometry 
. The advantages  and  disadvantages of each of these  tech- 

niques  are  described  in  various  chapters  in  this  book.  One  limitation of thermal 
ioni~ation mass  spectrometry  (TIMS)  and  ICP-MS is the  need for digestion  prior 
to analysis. Certain elements in difficult  matrices  (e.g., soils, sedimen~s, and 
vegetation)  often  pose  problems  because of their  low  solubilities  and  element- 
specific  chemistries. In addition,  the  time-consuming  nature of dissolution  with its 
inherent  risks of conta~nation make  the  choice of performing  the  analysis 
directly  on  the  solid  attractive. Several investigations  have  focused  on  the  analysis 
of uranium  in  soil [ 103,1041.  To demonstrate  the  power of the  technique for 
analyzing other radionuclides, Betti et al. [ 1041 have  measured  cesium,  strontium, 
plutoniu~, uranium,  and  thorium  in soils, sediments,  and  vegetation,  Because all 
of these  materials  are  nonconducting,  they  had to be analyzed  with the surrogate 
cathode  approach.  Table 2.3 compares GDMS results  with  certified  values for 
several elements in several different standard samples. Errors ranged 

C o ~ p a ~ s o n  of Glow Discharge Mass Spectrometry 
( G ~ ~ S )  Results with  Certified  Values 

GDMS value Reference value (pg/g) 
Radioisotope (pg/g) (reference sarnple) Errors % 

137Cs 5 3.86  (IAEA  373)  29.5 
239Pu  100 92a  (IAEA  135)  8.7 
234U 1 .0 1.1  (IAEA  375)  9.0 
234U 1 .0 1.2 ( IWA 135)  17.0 
235U  25 22  (IAEA  4350)  13.6 

aValue given as 239Pu + 24OPu. 

Source: Ref. 104. 



from  8.7% to 29.5%,  which  are quite good  percentages  given the low  concentra- 
tions  in  the  samples.  Detection limits in the picogram  per  gram  (pg/g)  (part  per 
trillion)  range  were  reported.  Integration  times  necessary  to  obtain  these  values, 
however,  ranged  up  to l hour. The authors  noted  the  need for mass  resolving 
power  in  excess of 2 X 106 to analyze 137Cs, g0Sr, HIPu, and  238Pu  when  inter- 
ferences  from  barium,  zirconium,  americium,  and  uranium  complicate  the  spec- 
trum [ 1041. The use of Fourier  transform  ion  cyclotron  resonance  mass  spectrome- 
try  in  combination  with a glow  discharge  was  suggested. 

Isotope  dilution.  mass  spectrometry (IDMS) is a powerful  technique for establish- 
ing  the  concentration of a target  species  in a sample of unknown  elemental  compo- 
sition.  It  has  received  widespread  application  with  gaseous  and  liquid  samples,  yet 
it has  seen little use  with solids because of the need  to  establish  isotopic  equilib- 
rium  between  the  sample  and  the  isotopic  spike. The technique  has  largely  been 
confined to gas [l051 or thermal  ionization  mass  spectrometry [ 1061, although 
some  work  has  also  been  carried  out  using  spark  source [l071 and  inductively 
coupled  plasma  mass  spectrometries  [108].  Recently,  isotope  dilution  has  been 
used in combination  with  glow  discharge  mass  spectrometry for analysis of 
solution  residues. The problem of equilibrating the sample  and  the  isotopic  spike 
was  overcome by mixing  the  sample  and  spike  as  solutions  and  then  analyzing 
them  as  dried  residues by GDMS [64].  Cathodes  were  prepared by pipetting -200 
pL of a spiked  aqueous  oil  leachate  that  had  been  digested  according to EPA 
SW-846  Method 3050 into 1.0 g of 99.99+% silver  powder. The resulting  slurry 
was  then  dried  at 100°C for 6 hours,  mixed to obtain  homogeneity,  and  pressed  in 
to a pin  1.5  mm in diameter  by  20 m in  length.  Isotope ratio measurements  were 
made for the  isotopically  enriched  spike, the unspiked  samples,  and  the  mixtures. 
Figure  2.14  shows  representative  spectra  obtained  from  the  three  sample  types  [(a) 
is the  isotopically  enriched spike, (b) is the unspiked  sample,  and  (c) is the 
mixture].  Table  2.4 lists the ratio for the sample (R,), the  spike (also called  the 
tracer, RT), and  the  mixture (RM), along  with  the  concentrations for each  sample 
calculated  from  the  isotope  dilution  equation.  These  results  were  in  good  agree- 
ment  with  those  obtained  by  inductively  coupled  plasma  atomic  emission  spec- 
troscopy.  Internal  precisions of better  than 5% were  obtained,  even  when  the 
concentration  was just above  the  detection limit; external  precision  was  about 2%. 
These  values  were  3-10  times  better  than  those  normally  obtained by using 
GDMS sensitivity  factors [64]. 

Perhaps  one of the  most  severe  limitations of glow  discharge  mass  spectrometry is 
that  any conta~nants  entering  the  discharge cell along  with the support  gas  have a 
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Bias  Corrected  Isotope  Ratio ~easurements in  the  Unspiked 
Sample,  Isotopically  Enriched  Spike,  and  Spiked  Sample  for  Three  Oil 
Leachate  Samples  as  Determined  by  Glow  Discharge  Mass  Spectroscopy 
Sol~tion Residue  Method 

R, R, RM 
zo7Pb+PPbf  207Pb+P~Pb+ 207Pb+/z04Pb+  Concentration 

Sample  (sample)  (spike)  (mixture)  (PPm) 

A 14.9 4 0.5 0.029 4 0.001 0.192 4 0.004 2.69 4 0.05 
B 7.5 4 0.2 0.029 4 0.001 0.130 4 0.001 3.5 4 0.1 
c 1  15.2 It: 0.2 0.029 5 0.001 1.44 4 0.01 82.5 4 0.7 
c 2  15.9 4 0.3 0.029 4 0.001 1.46 It: 0.02 83.2 4 0.8 
c 3  15.1 4 0.2 0.029 4 0.001 1.41 4 0.02 80.2 4 0.8 

Source: Ref. 64. 

deleterious  effect  on  the  resulting  mass  spectrum.  This  effect is multiplied by 
several  orders of magnitude  because  the  support  gas is far and  away the most 
abundant  constituent of the discharge.  Complicating  this  effect further is the 
production of p o l y a t o ~ c  species  such  as CO+, Arc+, ArN+, and ArO+. Several 
methods  have  been  used  to  reduce  interferences  in  the  glow  discharge  to  accept- 
able  levels.  One is to dissociate  the  molecular  ions into their  component  elements 
through  the  use of gas-phase  collisions [ 109-  1  1 l], a  second is to resolve  the 
interferences  with  a  high-resolution  mass  spectrometer [ 1 121, and  a  third is to used 
gated  detection  with  a  pulsed  discharge [ 1 13,1141.  None of these  methods,  how- 
ever,  reduces  the cont~butions of residual  gases  (C,  N,  or 0). Among  the  methods 
specifically  designed to remove c o n t ~ n a n t s ,  heating  the  gas  to  drive  them out, 
cryocooling to condense  them  from the gas  phase [ 1 151, using  getters  as  a 
conductive  binder [ 1 161, and  using  a  high-purity  support  gas [ 1 171 hold  the  most 
promise.  Mykytiuk et al. 1691 and  Valiga et al. [ 1 181 have  used  a  combination of 
approaches  to  analyze C, N,  and 0 at the tens of part  per  million  level  and  lower  in 
samples, In  particular,  Valiga's  work  was  impressive  because  he  used  a  low- 
resolution  quadrupole  mass  spectrometer,  an  inherently  less  expensive  instrument 
than  a  sector.  Table  2.5  shows  these  results for the analysis of a  National Institute 

Thee glow  discharge  mass  spectra  taken  over  the mass range mlz 200-210 
for  three  different  cathodes  doped  with  (a)  500 pL of a 40.9-ppm  2oQPb  spike,  (b)  500 pL 
of an unknown  waste  oil  sample,  and  (c) 500 pL of a mixture  consisting  of 1 .O n k  of  the 
u ~ o w n  and  100 pL of  the  40.9-ppm  z04Pb  spike.  The  discharge  conditions  of  all  three 
cathodes  were -1000 V dc,  2.0  mA,  and  133.3  Pa  argon. 
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Analysis of National  Institute of Standards and Technology  (NIST) 685rW High 
Purity  Gold 

Certified  value  GloQuad  value  Certified  value  GloQuad  value 
Element (PPm) (PPW Element (PP@ (PPm) 

c u  
In 
Fe 
0 
Ag 
A1 
Ba 
C 
Ca 
Cl 
Cr 
F 
K 

0.1 
0.007 
0.3 
2 
0.1 

C0.03 
C0.03 
co.01 
<l 
CO. l 
c0.05 
c0.02 
<0.2 

0.02 
K0.006 

0.3 
<0.4 

0.03 
<0.002 
<0.002 
<2 
<0.6 
<O.Ol 
<a02 

CO. l 
<40 

Mg 
Mn 
N 
Na 
Nb 
Ni 
S 
s e  
Si 
Sn 
Sr 
v 
Zn 

c0.2 
co.01 
c0.03 
d0.2 
CO. l 
c0.05 
K0.07 
co.01 
C0.03 
K0.07 
c0.03 
C0.05 
c0.04 

c0.02 
c0.03 
<2 
C0.08 
c=O.O01 
K0.02 
c0.07 
<0.001 

0.3 
c0.05 
co.001 
<0.09 
<0.01 

Source: Ref. 118. 

of Standards  and  Technology  high-purity  gold  sample  (Standard  Reference  Mate- 
rial 6 5 8 ~ ) .  The general  observation is that  most of the measured  values,  includ- 
ing those of transition  elements,  are  present,  or  have bac~ground equivalent 
concentrations (BECs), at the  low  part-per-billion levels. Elements  that  pose 
particular  problems  when  analyzed by a quadrupole inst~ment  (primarily as a 
result of interfering  polyatomic  species),  such  as  Fe, Ca, Cl,  Cr, K, Ni, S, and Si, 
are  present  at or have BECs of less than 1 ppm (0.6 to 0.02 ppm).  Meticulous 
attention to gas  purity  resulted  in  obtaining  much  higher  performance  from a 
quadrupole-based  system  than  had  previously  been  achieved. 

Although  gaseous  discharges  have  been  used  in  one  form or another for more  than 
80 years, it has  been  the  developments of the last 30 years  that  have  been  the  major 
benefit to analytical  spectroscopists. The glow  discharge’s  strengths  are  well 
established  now,  and  new  applications, like those  highlighted in this  chapter  and in 
other  chapters  in  this  book,  keep  pushing  the  technique into new  areas as a tool for 
solving  problems in the  chemical  sciences.  Novel  instrumentation, like the ion 
trap  and  the  time-of-flight,  promise  new  and  exciting  opportunities for GD 
and  developments  with  new  and  existing  sources oEer the  hope  that the technique 
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will  ultimately  hold  universal  appeal. A core of innovative  investigators  continue 
to do fine  work  in  the  field,  and  new  individuals  are  beginning  to  discover the 
numerous  benefits of the technique.  This  author  believes  that  there  are  many  good 
experiments,  both  fundamental  and  applied,  yet to be done  and  looks  forward to 

MS unfolds  in the next 30 years. 

1. 
2. 
3. 
4. 

5. 

6. 
7. 
8. 
9. 

10. 

11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 

19. 
20. 
21. 
22. 

23. 

24. 

25. 

26. 
27. 

Bainbridge,  K. T.; Jordan, E. B. Phys. Rev. 1936, 50, 282. 
Aston, E W. Isotopes, 2nd ed.; Longmans, Green: New  York, 1924. 
Aston, F.  W. Proc.  Roy.  Soc. A 1937,  163, 391. 
Dempster,  A. J. MDDC 3770, United States Department of Commerce,  Washington, 
DC, 1946. 
Ramendik, G.;  Verlinden, J.; Gijbels, R. in Inorganic  Mass  Spectrometry; Adarns, F.; 
Gijbels, R.; Van Grieken, R.,  Eds.;  John  Wiley & Sons: New  York, 1988; Chapter 2. 
Green, J. E.; Sequeda-Osorio, F.; Natarajan,  B.  R. J. Vac.  Sci.  Technol. 197 
Boumans, P.  W. J. M. Anal. Chem. 1972,  44, 12 19. 
Harrison, W.  W.; Prakash, N. J. Anal. Chim.  Acta 1970,  49, 151. 
Grimm, W. Spectrochim.  Acta 1968, 23B, 443. 
Pevtsov, G. A,;  Uasilshchik, V. 2.; Yabovlera,  A. F. J. Anal. Chem.  USSR 19 
1569. 
Coburn, J. W.; Kay, E. J. Appl. Phys. l 
Coburn, J. W.; Kay,  E. Appl.  Phys.  Lett. 1971,  18, 435. 
Coburn, J. W, Rev.  Sci. I ~ s t r ~ m .  1970, 41, 1219. 
Harrison, W. W.; Magee, C. W. Anal. Chem. 1974,46, 461. 
Colby, B. N.; Evans, Jr., C. A. Anal. Chem. 197 
Bruhn,  C.  G.; Bentz, B. L.; Harrison, W. W. Anal. Chem. 1979, 51, 673. 
King, F. L.; Harrison, W.  W. Mass  Spectrometry  Reviews 1990, 9, 285. 
Harrison, W.  W. in Inorganic  Mass  Spectrometry; Adarns, E; Gijbels, R.; Van 
Grieken, R., Eds.; John  Wiley & Sons: New  York, 1988; Chapter 3. 
Harrison, W. W.; Bentz, B. L. Prog. Analyt. Spectrosc. 198 
Hall, D.  J.; Robinson, P. K. Am. Lab. 1987, 74. 
Duckworth, D. C.; Marcus, R. K. Anal. Chem. 1989,  61, 18'79. 
Fang, D.;  Marcus, R. K. in Glow  Discharge  Spectroscopies; Marcus, R. K., Ed.; 
Modern Analytical Chemistry; Plenum:  New  York, 1993; Chapter 2. 
Chapman, B. Glow  Discharge  Processes: Sp~ttering and  Plasma Etching; John 
Wiley & Sons: New  York, 1980; Chapter 3. 
Howatson, A. M. An Introd~ction to Gas Discharges; 2nd ed.; Pergarnon:  New  York, 
1976; Chapter 1. 
Von Engel, A. Electrical  Plasmas: T h e i r ~ a t ~ r e  and Uses; International Publications 
Service Taylor and Francis: New  York, 1983; Chapter 7. 
Swift, D. A. Contemp.  Phys. 1981, 22, 37. 
Brown, S. C. Introd~ction to Electrical  Discharges in Gases; John  Wiley & Sons: 
New  York, 1966; Chapter 13. 



64 

28.  Cobine,  J.  D. Gaseous  Conductors:  Theory and ~ngineering Applications; Dover: 

29. H h s o n ,  W. V?.; Barshick,  C.  M.;  Klingler,  J.  A.;  Ratliff, P. H.;  Mei, Y. Anal. Chem. 

30.  Westwood,  E.  D. Prog. Sur$ Sci. 1976, 7, 71. 
3  1.  Wehner,  G. K.; Anderson,  G. S. in Handbook of Thin Film  Technology; Maissel,  L. 

32.  McHugh, J. A. in M e t ~ o d s   o ~ S u ~ a c e  Analysis; Czanderna,  Ed.;  Elsevier:  New  York, 

33.  Sigmund, P. Phys. Rev. 1969, 184, 383. 
34.  Winters,  H.  F.  in Topics  in  Current  chemist^ No. 94, Plasma  chemist^ IIe Veprek, 

S.; Vervgopalen,  M.,  Eds.;  Springer-Verlag:  Berlin,  1980. 
35.  Fetz,  H.;  Oechsner,  H. Proc. VI Con$ Int.  Phen.  ionisation duns le  Gaz, Vol. II, 

1963. 
36.  Wehner,  G. K. Methods and Phenomena:  Their Applications in Science  and  Technol- 

ogy,  Vol. I ;  Wolsky, S. P.;  Czandera, A. W., Eds.;  Elsevier  Scientific:  New  York, 
1975. 

37.  Anderson,  H.  H.;  Bay,  H. L. in Sputtering  by  Particle Bo~bardment I, Physical 
Sputtering by Single-Element Solids; Behrish,  R.,  Ed.;  Springer-Verlag:  Berlin, 
1981;  Chapter  4. 

38.  Carter,  G.;  Colligon,  J. S. Ion ~ o m b a ~ d ~ e n t  of Solids; American  Elsevier:  New 
York,  1968. 

39.  Sigmund, P. in Sputtering by Particle ~ o m b a r d ~ e n t  I, Physical  Sputtering by Single- 
Element Solids; Behrish,  R.,  Ed.;  Springer-Verlag:  Berlin,  1981;  Chapter  2. 

40.  Harrison,  D. E.; Delaplain,  C.  B. J. Appl. Phys. 1976,  47,  2252. 
41.  Harrison,  D. E.; Levy,  N. S.; Johnson,  J. P.; Effron, H. M. J. Appl.  Phys. 1968,39, 

42.  Gibson,  J.  B.;  Goland,  A.  N.;  Milgram,  M.;  Vineyard,  G.  H. Phys. Rev. 1960, 120, 

43.  Nasser,  E. F~ndum~ntals of Gaseous  Ionization  and  Plasma  Electronics; Wiley- 

44. Electron  Impact Ionizat~on; Mark, T. D,; Dum, G.  H.,  Eds.;  Springer-Verlag  Wien: 

45.  Valyi,  L. Atom and Ion Sources; John  Wiley & Sons: New  York,  1977. 
46,  Field, F. H.;  Franklin, J. L. Electron  Impact  Phenomena; Academic:  New  York, 

1970. 
47.  Delcroix, J.; Ferreira,  C.;  Richard,  A. ih Principles o f k s e r  Plasmas; G.  Bekefi,  Ed.; 

John  Wiley & Sons:  New  York,  1976;  Chapter  5. 
48.  Bordin, V. S.; Kagan, Y. M. Opt. Spec. 1967, 23, 108. 
49.  Penning, F, M. Z. Physik 1925, 46, 225. 
50.  Stedman,  D.  H.;  Stetser, D. W. Prog.  React.  Kinet. 1971, 6, 193. 
5  1.  Eckstein,  E. W.; Cobm, J, W.; Kay,  E. Int. J. Muss  Spec.  Ion  Phys. 1975,17,  129. 
52.  Strauss, J. A,;  Ferreira, N. P.;  Human, W. G. C. Spectrochim. Acta 1982,37B,  947. 
53.  Smith, R, L.;  Serxner,  D.;  Hess, K. R. Anal. Chem. 1989, 61, 1103. 
54.  Hecq, M.; Hecq,  A.;  Fontignies, M. Thin Solid  Films 1984, 1 IS ,  U5. 

New  York,  1958;  Chapter 8. 

1990,62,943A. 

I.; Glang,  R.,  Eds.;  McGraw-Hill Book New  York,  1970;  Chapter  2. 

1975. 

3742. 

1229. 

Interscience:  New  York,  1971. 

New  York,  1985. 



55. 

56. 
57. 
58. 
59. 
60. 
61. 

62. 
63. 

64. 

65. 

66. 
67. 
68. 
69. 
70. 
71. 
72. 

73. 
74. 
75. 
76. 
77 * 
78. 
79. 
80. 
81. 

82. 
83. 
84. 
85. 
86. 
87. 

88. 
89. 
90. 

Smyth, K. C.; Bentz, B. L.; Bruhn, C. G.; Harrison, W.  W. J. Am.  Chem.  Soc. 1979, 
101, 797. 
Hotop, H,; Niehaus, A. Z. Physik 1969,  228, 68. 
Knewstubb, P.  F.; Tickner, A. W. J. Chem.  Phys. 1963,  38, 464. 
Bogaerts, A.; Gijbels, R. Phys. Rev. A. 1995,  52, 3743. 
Bogaerts, A.; van Straaten, M.; Gijbels, R. Spectrochim. Acta 1995, 5OB, 179. 
Bogaerts, A.; van Straaten, M.; Gijbels, R. J. Appl.  Phys. 1995,  77, 1868. 
Jakubowski, N.;  Stuewer,  D. Fresenius  ZeitschriJt f i r  Analytische Chemie 1989, 
335, 680. 
Barshick, C. M,, Ph.D. Dissertation, University of Virginia, 1990. 
Barshick, C. N.; Duckworth, D. C., Smith, D.  H. J. Am.  Soc.  Mass  Spectrom. 1993, 
4, 47. 
Barshick, C. M.; Smith, D. H.; Wade, J. W.; Bayne, C. K. J. Anal. Atom.  Spectrom. 

Barshick, C. M,; Smith, D. H.; Hackney, J. H.; Cole, B. A.; Wade, J. W. Anal. Chem. 
1994, 66, 730. 
Daughtrey, E. H.; Harrison, W.  W. Anal. Chem. 1975,47, 1024. 
Donohue, D. L.; Harrison, W.  W. Anal. Chem. 1975,47, 1528. 
B a t ~ g l i ~ n ,  M,; Sentimenti, E.; Scattolin, R. Spectrochim. Acta 1995, 50B, 13. 
Mykytiuk, A. P.; Semeniuk, P.; Berman, S. Spectroc~i~ .  Acta Rev. 1990,  13, 1. 
Barshick, C. M.; Duckworth, D.  C. unpublished results. 
Hess, K. R.; Day, D. A.; Zook, A. L.; Barshick, C. M. Microchem. J. 1997,55,208. 
Nasser, E. ~undamentals of Gaseous Ionization and Plasma ~lectronics; Wiley- 
Interscience: New  York, 197  1. 
Duckworth, D. C., PhD. Dissertation, Clemson University, 1991. 
Grimm, W. Spectrochim. Acta 1968,  23B, 433. 
Jakubowski, I?.; Stuewer,  D.;  Vieth, W. Anal. Chem. 1987,59, 1825. 
Weston,  G. F. Cold  Cathode  Glow  Discharge Tubes; ILIFFl2  Books: London, 1968. 
Pillow,  M. E. Spectrochim. Acta 1981,  36B, 821. 
Little, P. F.; von Engel, A. Proc. R. Soc. London 1954,  224A, 209. 
Slevin, P. J.; Harrison, W.  W. Appl. Spectros. Rev. 1975, 10, 201. 
Caroli, S. Prog. Anal. At. Spectrosc. 1983, 6, 253. 
Bentz, 3. L.; Bruhn, G. G.; Harrison, W.  W. Int. J. Mass Spectrom.  Ion Phys. 1 
28, 409. 
Daughtrey, E. H.; Harrison, W.  W. Anal. Chem. 1975, 47, 1024. 
Marcus, R. K.; Harrison, W.  W. Spectrochim. Acta B  1985,  40, 933. 
Marcus, R. K.; Harrison, W.  W. Anal. Chem. 1986,  58, 797. 
Marcus, R. K.; Harrison, W. W. Anal. Chem. 1987,59, 2369. 
Marcus, R. K.; King, F.  L.; Harrison, W.  W. Anal.  Chem. 1986,  58, 972. 
Harrison, W. W.; Barshick, C.  M.;  Klingler, J. A.; RatliE, P. H.; Mei, Y. Anal. Chem. 
1990,  62, 943A. 
Analyte Corporation, Medford, OR. 
Shields, J. P.; Lee, G.  H.;  Piepmeier,  E. H. Appl. Spectrosc. 1988,  42, 684. 
Kim, H. J.; Piepmeier, E. H.; Beck, G.  L.; Brumbaugh, G.  G.;  Farmer, 0. T. Anal. 
Chem. 1990,  62, 1368. 



91. 

92. 
93. 
94. 
95. 

96. 

97 * 
98. 
99. 

100. 
101. 
102. 

103. 

104. 

105. 
106. 
107. 

108. 
109. 

110. 
111. 
112. 

113. 
114. 
115. 

116. 
117. 

118. 

McLuckey, S. A.; Glish, G.  L.;  Asano, K. G.; Grant, B. C. Anal. Chem. 19 
2220. 
McLuckey, S. A.; Glish, G. L.; Asano, K. G. Anal.  Chim. Acta 1 
McLuckey, S. A., Oak Ridge National Laboratory, personal communication, 1997. 
Milton, D. M.  P.; Hutton, R. C, Spectrochim. Acta 1993, 483, 39. 
Schelles, W.; DeGendt, S.; Muller, V.; van Grieken, R. Appl.  Spectrosc. 1995, 
49, 939. 
Schelles, W.; DeGendt, S.; Maes, K.; van Grieken, R. Fresenius J. Anal. Chem. 

VG Elemental, Ion Path Road Cheshire, CW7 3BX, England. 
Daly, N. R. Rev. Sci.  Instrum. 
H e u m ~ n ,  K. G. in Inorganic try; Adams, F.; Gijbels, R.;  van 

,355, 858. 

Spectrom. Ion Proc. 1995, 146/147, 55. 
Duckworth, D. C.; Barshick, C. M.; Bostick, D.  A.; Smith, D. H. J. Anal. At. 
Spectrom. 1993, 47, 243. 

.; Hiernaut, T.; Rasmussen, G.;  Koch, L. Fresenius J. Anal. 

Mook, W. G.; Grootes, P. M. Int. J. Mass  Spectrom.  Ion  Phys. 
Heummn, K. G. Fresenius’s Z. Anal. Clzem. 1986, 324, 601. 
Farrar,  H.  in Trace Analysis by  Mass S~ectrometry; Ahern, A. J., Ed.;  Academic 
Press:  New  York, 1972; p. 239. 
Garbarino, 1. R.; Taylor, H. E. Anal. Chem. 1 
McLuckey, S. A.; Glish, G. L.; Duckworth,  D. C.; Marcus, R. K. Anal. Chem. 199 
64, 1606. 
Duckworth, D. C.; Marcus, R, K. Appl. Spectrosc. 1 
King, F. L.; Harrison, W. W. Int, J. Mass  Spectrom. 
Watson, C. H.; Wronka, J.; Laukien, F. H.; Barshick, C. M.;  Eyler, J. R. Anal. Chem. 

Barshick, C. M.; Harrison, W.  W. Anal.  Chem. 
Pan, C.; King, F. L. Anal. Chem. 1993, 65, 3 187. 
Ohorodnik, S. K.; DeGendt, S.; Tong, S. L.; Harrison, W. W. J. Anal. Atom. 
Spectrom. 1993, 8, 859. 
Mei, Y.; Harrison, W. W. Spectro~~im. Acta 199~ ,  463, 175. 
King, F. L.;  McCormack,  A. L,; Harrison, W.  W. J. Anal. Atom. Spectrom. 198 
883. 
Valiga, R. E.; Duckworth, D. C.; Smith, D. H. Sapid Com~unica~ions in Mass 
Spectrometry ~994,  10, 305. 



The  Ohio  State ~niversity 
Colu~bus, Ohio 

Since the  introduction of the first comercial instrument  in  1983,  inductively 
coupled  plasma  mass  spectrometry  (ICP-MS)  has  become  widely  accepted  as a 
powerful  technique for elemental  analysis. Two excellent  books  on  ICP-MS  have 
been  published [ 1,2]. ICP-MS  provides  rapid,  multielement  analysis  with  detec- 
tion limits at single  parts  part  trillion  or  below for about 40 to 60 elements  in 
solution  and a dynamic  range of IO4 to 108. These are the main  reasons  most  IC 
MS instruments  have  been  purchased. Two additional,  unique  capabilities of ICP- 
MS  have  also  contributed to its commercial  success: elemental isotope ratio 
measurements  and  convenient  semiquantitative  analysis. The relative  sensitivities 
from element  to  element  are  predictable  enough  that  semiquantitative  analysis 
(with  accuracy  within a factor of 2 to 5 )  for up to 80 elements  can  be  obtained 
using a single  calibration  solution  containing a few  elements  and a blank  solution. 

The  analytical  performance  and  ease of use of commercial  ICP-MS  instru- 
ments  have  grown  rapidly since the introduction of the  first  instruments  from 
Sciex (now  sold  by  PE-Sciex)  and  VG  (now  VG  Elemental, a subsidiary of 
Thenno Optek).  Detection limits, stability, and  instrument computer-con~olle~ 
automation  have all improved  dramatically.  At  the  same  time  the  instruments  have 
become  smaller  and  less  expensive.  Although  most of the ICP-MS  instruments  are 
based  on  quadrupole  mass  spectrometers,  time-of-flight-  and  magnetic  sector- 
based i n s ~ m e n t s  are now  also comercially available. Several additional  com- 
panies  now sell ICP-MS  instruments,  including  Finnigan, HP, Micromass, Sieko, 
Shimadzu, Spectro, Thenno Jarrell Ash,  and  Varian. Leco and  GBC sell time-of- 
flight  ICP-MS  instruments. The use of an ICP ion  source  with  ion trap and  Fourier 
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transform  ion  cyclotron  resonance  mass  spectrometers  has also been  reported. 
Although  most  samples  are  introduced into the instrument  as  solutions,  laser 
ablation  and  other  solid  sampling  approaches  are also available comercially. 

Although  ICP-MS is a  highly  successful  and  powerful  technique,  several 
problems  remain.  When  attempting to measure  low  concentrations  (sub-part  per 
billion)  spectral  overlaps  due  to  polyatomic ions can  be  difficult  to  identify  and 
overcome,  particularly  with  quadrupole or time-of-~ight mass  spectrometers. 
Iron,  calcium,  and  potassium  typically  suffer from rather severe spectral overlaps 
unless  special steps are taken.  Arsenic,  selenium, c ~ o ~ u r n ,  vanadium,  and 
titanium  often  suffer  from  polyatomic  ion spectral overlaps  that  degrade  detection 
limits. Molecular  ion spectral overlaps  are  most  common  below  mass 82 [33. 
Matrix effects due to high  concentrations of concomitant  species,  particularly 
heavy elements, can be severe when  conditions  are  optimized for ~ ~ i m u m  
analyte  sensitivity.  Because  the sample must  be  physically  transported into the 
mass  spectrometer,  deposition  and  contamination of the i n s ~ m e n t  can be prob- 
lems (unlike ICP optical  emission  spectroscopy,  in  which  photons  are  clean). For 
some  applications  short- and long-term  precision is inadequate. In some applica- 
tions,  even  better  detection  limits or sensitivities  are  required. The initial equip- 
ment  and  operating costs are  high. 

The typical  ICP-MS  instrument  (Fig. 3.1) consists of a sample introduction  system 
(a nebulizer  and  spray  chamber),  an  inductively  coupled  plasma  source,  a  differ- 

1 Components of a typical ICP-MS instrument. 
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entially  pumped interface, ion optics, a  mass  spectrometer,  and  a  detector.  Ioniza- 
tion  efficiencies  in  the  plasma  are  nearly 100% for elements  with  ionization 
potentials less than  about 9 eV. However,  only  about 1 in lo4 to l in lo6 atoms  in 
the original sample are detected, so extensive loss of ions occurs during  their 
transport  from  the  plasma to the  MS  detector. 

The sample is typically  pumped at a  rate of 0.4 to l .O mL,/min to a nebulizer 
that  produces  an  aerosol  with  a range of drop sizes  from  submicrometer  to 40 p, 
in  diameter [4,5]. Recently,  nebulizers  with  small  dead  volumes  that  can be used 
with  sample uptde rates  as  low  as l0 p,L/min  have  been  introduced.  The  aerosol 
is modified  as it passes  through  a  spray  chamber.  Most  aerosol  drops  that  are  too 
large to be  vaporized  effectively  in  the  plasma (>20 pm diameter)  are  eliminated 
in the spray  chamber. The spray  chamber also limits the total amount of solvent 
liquid  aerosol  and  vapor  that enters the plasma. The aerosol  exiting  the  spray 
chamber enters the  hot,  atmospheric  pressure  plasma  gas  (typically  argon). 

Each  aerosol drop undergoes  a  series of processes  (Fig. 3.2) in the hot 
plasma. The solvent  evaporates  from  each  drop,  leaving  a  particle. The particle 
vaporizes  and is converted into atoms  and  ions in the  plasma. The atoms  and  ions 
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ure 2 Series  of  processes  a drop of sample  undergoes  in  the ICP to  produce  ions, 
some  of  which  are  transported  through  the  sampler  and  skimmer,  focused  into  the  mass 
spectrometer,  filtered  on  the  basis of their  mass-to-charge  ratio,  and  detected. 
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diffuse  outward as they  travel  though  the  plasma  toward  the  sampling  orifice of the 
mass  spectrometer. 

Analyte  ions  generated  in the plasma  pass  through  the  sampling  orifice  (Fig. 
3.2) and  then  the gas expands. A fraction of the gas is sampled  through the skim- 
mer. A positive  ion  beam is formed as the  electrons  di&se  and  charge  separation 
occurs. A series of ion  optics  and  typically a radio  frequency- (rf-) only  quadru- 
pole lens focus  positive ions into the  mass  spectrometer.  Ions of a particular  mass- 
to-charge  ratio exit the mass  spectrometer  and  are  detected.  Many of the comrner- 
cia1 i n s ~ m e n t s  use  dual-mode  (pulse  counting  and  analogue)  detection in order 
to provide  an  extremely  wide  dynamic  range. 

The  inductively  coupled  plasma  (ICP) is a flowing,  partially  ionized  gas  (typically 
Ar). The  ICP is sustained  in a quartz  torch  that  consists of three tubes  (Fig. 3.3). 

Plasma 

Ar + sample 

Typical  quartz  plasma  torch  positioned  within  a (induction) load coil. The 
center (injector) tube can be made of quartz or inert materials (alumina, platinum, or 
sapphire) to allow corrosive samples (including those containing hydrofluoric acid) to be 
introduced into the  plasma.  One-piece  quartz torches, torches with demountable injector 
tubes, or completely demountable tubes are used. 
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A 1- to  2-kW  radio  frequency  power  supply, either free-running or crystal- 
controlled,  drives  current  through a water- or air-cooled  copper  tube  that  acts  as 
the  induction coil (often  called a load  coil). The oscillating  current  through the 
load coil produces  an  oscillating  electromagnetic  field. 

A tesla coil or high-voltage  spark is used  to  seed  the  argon  gas  with electrons 
in  order  to  start the discharge.  Once the plasma  discharge  has  been initiated, 
electrons  in the plasma  are  accelerated by the  oscillating  magnetic  field.  Collisions 
between  electrons  and  argon  atoms  lead  to  heating of the argon  gas.  Collisions 
between  electrons  and  analyte  atoms  are  thought  to  be  the  main  mechanism for 
analyte  ionization  although  charge  exchange  may also be important.  Typically, 
less than 1% of the Ar (15.8-eV  ionization  potential) is ionized. The Ar plasma is 
about 14 mm wide (in a torch  with  an 18-m-inner-diameter outer tube)  and 30 to 
40 m long.  Gas  temperatures of 3000  to 7000 K and electron temperatures of 
4000 to 8000 K are  produced  [6]. 

Argon is the most  commonly  used  plasma  gas  because it is generally in- 
expensive  (except  in  some parts of the world),  inert  (although Ar+ ions  are 
reactive),  and  monoatomic  and  produces a relatively  simple  background  spec- 
trum.  Mixed  gas  plasmas (Arm,) have been  used to reduce  signals from some 
molecular ions. Helium  plasmas  may  more  effectively ionize elements  with  high 
ionization  energies,  such  as  As, Se, and  halogens  [7]. Elements that  suffer from 
interferences  with  polyatornic  argide  ions  are  better  detected in He  plasmas  [7]. 
However,  practical  problems  with  helium  plasmas  have  limited  their  use  [7]. 
Helium  plasmas  have  lower  gas  temperatures  and are more  severely  affected  by 
solvent  loading  as sample aerosol is introduced into the  plasma. The potential 
necessary to sustain a He plasma is higher  than for an  argon  plasma so problems 
with  discharges  between the plasma  and  the  mass  spectrometer  tend  to be more 
severe and  difficult to control  than for argon  plasmas. 

Gas  flows into the  plasma  through  the three tubes of the torch. The sample 
aerosol is carried into the  cooler, center channel of plasma  through  the  center  tube 
by the Ar gas  used for the  nebulizer (0.5 to 1.0 L/min). The Ar gas  flowing 
between the outer tube and  the  intermediate  tube (10 to 20 L/rnin),  often  called 
the ~ Z a s ~ ~  or outer  gas, cools the outer tube between the plasma  and  the load coil 
as  well  as  providing  plasma gas. A third  Ar  gas  flow (0 to 1 .O Urnin) between  the 
intermediate  tube  and  the  center  tube, often called the ~ u x i Z i ~ ~  gas, is used 
mainly to push  the  plasma  up  above  the top of the  inner  tube  of  the  torch  to  prevent 
it from  overheating.  In  some cases, small amounts of nitrogen,  oxygen,  or  other 
gases  are  added  to the argon  (this is discussed  in  more detail later), 

The plasma  has  an  annular (or doughnut)  shape  because  most of the  radio 
frequency  current is carried  in a thin skin  on the outside  of  the  plasma. The plasma 
structure is important for two  reasons: First, the  sample is more  easily  carried into 
the center of the discharge  and  confined from  flowing around the outside of the 
plasma by the hot,  rapidly  expanding  gas  in the outer ring  of the plasma  doughnut. 
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Second,  the  sample is isolated, to a  large  degree, from the  doughnut  region of the 
plasma  where  most of the energy is coupled. As a result, the  energy  coupling is not 
strongly  dependent on the composition of the sample (in  contrast to a  discharge 
between  two electrodes, for example).  Gas  velocities  in the center of the plasma 
are  typically 15 to 20 d s e c  [8]. The plasma  may be about 20 to 30 mm  long before 
ions  are  sampled into the mass  spectrometer, so the  sample  spends l to 2 msec  in 
the plasma. 

The radio  frequency  plasma  power  supply  must  be  designed  specifically for 
ICP-MS.  Radio  frequencies  between 27 and 40 MHz  are  typically  used for ICP 
generation.  During ignition, the  impedance of the  plasma  varies  dramatically  from 
nearly  infinite to nearly  zero. The plasma  impedance is also a  function of the 
applied  power,  gas  flow  rates,  solvent  loading  (the  amount of solvent  aerosol  and 
vapor  entering the plasma  per second), and  plasma  gas  composition.  ICP-MS 
signals are very  sensitive  to small changes  (more  than  about 1%) in  power so 
power  fluctuations  and  drift  must  be  minimal.  Finally,  the  plasma  potential, 
dependent  on  the  power  supply  and  load coil configuration,  must  be  properly 
controlled.  If  the  plasma  potential is too high relative to the  sampling  plate of the 
mass  spectrometer,  a  secondary rf discharge  or  arc  forms. The electric field  can 
also propagate  along the ion  beam into the interface region  between the sampling 
orifice  and  skimmer, so that  a  discharge  forms  in  this  region. 

The presence of a  strong  secondary  discharge  has several deleterious ef- 
fects. The sampling  orifice  can be slowly  vaporized  by  the  arc. This leads to  a 
higher  background for the elements that make  up  the  sampling  cone  and  a  reduced 
lifetime of the sampling  cone.  Formation of doubly  charged  ions  (]Sa2+, for 
example,  because  barium  has  a  relatively  low  second  ionization  energy, 10 eV, 
compared  to other elements) is more likely, although  molecular  oxides  might  be 
more  effectively  atomized. The ion  kinetic  energy  and  spread of ion  kinetic 
energies  are  larger,  thus  reducing the resolution  and  abundant  sensitivity (ratio of 
signal at the  mass of an  ion  to that one mass  unit  away,  produced by ions of the 
same  mass)  provided  by  quadrupole  mass  spectrometers. 

Several different  approaches  have  been  used to minimize  formation of a 
secondary  discharge,  which  results  from  parasitic  capacitance  between the plasma 
and  the  load coil. A balanced  load coil can  be  used  where  the  two  ends of a single 
load coil are  driven by  rf signals of opposite  phase  but  nearly equal amplitude [g] 
(as is done on Perkin  ElmerlSciex i n s ~ m e n t s ,  called  PlasmaLok).  Then the 
center of the load coil is at 0 V. In some  cases  the  center of the load coil can be 
directly  connected  to  ground or to the sampling  plate of the mass  spectrometer. 
~ l t e ~ a t i v e l y ~  two  separate  load coils can  be  interlaced to form  a  balanced rf drive 
system (as is done on Varian  instruments). 

A grounded, electrical shield  can be placed  between the load coil and  torch 
to reduce the capacitive  coupling  between the load coil and  the  plasma  in  order to 
reduce  the  plasma  potential [lo]. A thin  metal  cylinder,  split  along its length (to 
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prevent  circular  current  flow), is often  used  (as is done on the HP  4500 ICP-MS, 
called Plasmashield). The extent of capacitive  coupling is also a  function of the rf 
power,  distance  between  the  load coil and  sampling  plate, center gas  flow  rate,  and 
diameter of the load coil (the  capacitive  coupling  decreases  the farther the  load 
coil is from  the  plasma,  i.e., the larger  the  inner  diameter of the  load coil). 

The role of the  sample  introduction  system is to convert  a  sample into a form that 
can be effectively  vaporized into free atoms  and  ions  in  the ICP. A peristaltic  pump 
is typically  used to deliver a  constant  flow or sample  solution  (independent of 
variations  in  solution  viscosity) to the  nebulizer.  Several  different Ends of nebu- 
lizers are available  to  generate the sample  aerosol,  and  several  different  spray 
chamber  designs  have  been  used  to  modify the aerosol  before it enters the ICP. 
Gases  can  be  directly  introduced into the  plasma, for example,  after  hydride 
generation. Solids can be introduced  by  using  electrothermal  vaporization or laser 
ablation. 

~neumat ic   ~e~u l izer /S~ray  Chamber Combinations 

~ ~ e ~ ~ a t i c  ~ e ~ u l i z e r s .  Pneumatic  nebulizers, either concentric or cross- 
flow  designs,  are  the  most  commonly  used to generate  aerosols for ICP-MS. In 
the concentric  nebulizer  (Fig.  3.4a),  the  liquid  carrying  tube is surrounded by a 
ring  through  which gas passes at a  sonic  velocity. The average drop size of the 
aerosol depends on the  gas  flow  rate,  ring  orifice area, inner  diameter of the sample 
carrying  capillary,  and  thickness of the  wall  of the center  capillary [4]. In the 
cross-flow  nebulizer  (Fig.  3.4b),  the  gas is introduced  through  an  orifice at a  right 
angle to the  solution  carrying  tube. Shear produced by differences  in  the  gas  and 
liquid  velocities  breaks  the  liquid  up into filaments  that  relax to form  droplets [ 1 l]. 
Typically, the nebulizer  gas  flow  rate is O S  to 1.0 L/min at a  pressure of 50 psi or 
less. Most  concentric,  pneumatic  nebulizers  are  made of glass, so they cannot  be 

Figure 4 Concentric  (a) and cross-flow (b)  pneumatic  nebulizers. 
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Micronebulizers: (a) Meinhad high-efficiency  nebulizer (€EN). (b) Cetac 
microconcentric  nebulizer  (MCN). 

used for solutions  containing  hydrofluoric  acid.  Cross-flow  nebulizers are typi- 
cally  made from materials that are resistive to corrosive  acids  and  bases,  and  some 
concentric  nebulizers  from  inert  materials  have  also  been  recently  introduced. 

Pneumatic,  concentric  micronebulizers  have  become  available  in  recent 
years (Fig. 3.5) with  very small internal dead  volume. The M e i n h ~ ~  high- 
efficiency  nebulizer  (HEN) is a glass nebulizer  with a very  small  gas  ring  area  and 
thin-walled,  small-inner-diameter (90-pm) sample  carrying  capillary.  Although 

EN requires a  higher-pressure Ar gas  supply  (approximately 170 psi at an 
argon  gas  flow  rate of 1.0  L/min)  than  the  conventional  concentric  pneumatic 
nebulizers, it produces  a  somewhat  smaller  aerosol  than  other, “conventional” 
concentric  nebulizers [12]. Also,  because of the small  gas  ring  area,  the  HEN  pro- 
duces  sonic  gas  velocities  and  fine  aerosols  even at nebulizer  gas  flow  rates  as  low 
as  0.2  L/min, The Cetac  MCN-100  microconcentric  nebulizer  (MCN)  has  a  gas 
ring  orifice  that is slightly  smaller  than  that of a  conventional  nebulizer. The most 
unique  property of the  MCN is that it is made of €F-resistant  materials,  including 
a narrow  polyimide  nebulizer  capillary [ 1.31. Therefore,  the  MCN is particularly 
attractive for the analysis of small  volumes of HF solutions  such  as  those  used for 
analysis of semiconductor  wafers  and  small  volumes of biological  samples  includ- 
ing  metalloproteins  (which  may be more  likely  to  adsorb to glass  surfaces). The 
main  advantage of the micronebulizers is their  low internal volume  (9  and 0.5 p,L 
for the  HEN  and  MCN,  respectively,  compared  to 90 pL typical of a conventional 
pneumatic  concentric  nebulizer).  This  makes  analysis of sample  volumes  as  low 
as a few  microliters  possible  by  ICP-MS. 

Spray C ~ a ~ ~ e r s .  Spray  chambers [ 141 were  designed  mostly  empirically 
for use  with  conventional  pneumatic  nebulizers  during the development of ICP 
optical  emission  spectrometry. The main  purpose of the spray  chamber  was 
thought to be  to  remove large droplets  that  would  not  have  sufficient  time  to be 
completely  vaporized  during  their  1-  to  2-msec  travel in the plasma,  although  what 
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size was  too  large  was  not  directly  known  until  recently.  At  the  most  commonly 
used  rate of sample  delivery to the  nebulizer (1 mllmin), only 1% to 3%  of the 
analyte  enters  the  plasma. The rest (97% to 99%) goes  down  the  drain.  However, 
as  discussed  later, the analyte  transport  efficiency  increases  as the sample  uptake 
rate  delivered to the  nebulizer  decreases so that  similar  detection limits can  be 
obtained  at 50 p,L/min  as at 1 mL,/min [12]. 

A spray  chamber  also is necessary  to limit the amount of solvent  that  enters 
the ICP (less than  about  20  p,L/min of aqueous  aerosol  and  30  mg/min of water 
vapor).  When  water  aerosol  and  vapor  loading  are  higher,  the  plasma is cooled  and 
molecular  oxide  formation  increases. 

Three different  spray  chamber  designs  (Fig.  3.6)  are  most  often  used for 
ICP-MS: the Scott [l51 (double-barrel)  chamber,  a  conical  chamber  with  an  im- 
pact  bead,  and  a  cyclonic  chamber [ 14,16,17]. The cyclonic  spray  chamber 
typically  provides  a  slightly  (up to about  a factor of 2 or  3)  higher  analyte  transport 
efficiency  as  well  as  somewhat  shorter  washout  times. In some  cases  the  spray 
chamber is cooled  (such  as  on  the  HP 4500 ICP-MS  double-pass  spray  chamber, 
which is cooled  to 4°C) to  reduce  the  amount of water  vapor  that enters the ICP 
further so that  signals from polyatomic  ions  containing  oxygen  are  reduced. The 
cooled  spray  chamber  also  helps  maintain  a  stable  spray  chamber  temperature. 

~undamental Processes  That  Control  Aerosol  Generation  and  Transport. 
The size of the aerosol  drops  in  the initial (primary)  aerosol  depends  on  the  design 
of the  nebulizer,  the  nebulizer  gas  flow  rate,  and, to a  lesser extent, the sample 

\' 
drain 

drain 
drain 

Spray chambers: (a) Scott, double-pass design. (b) Conical chamber with 
impact bead. (c) Cyclone spray chamber (top view). (d) Cyclone spray chamber (side view). 
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uptake  rate [ 1  l]. The key  nebulizer  design  parameters  are  the  area  through  which 
the nebulizer  gas  flows at the  nebulizer  tip,  the  inner  diameter of the  capillary  that 
the liquid  sample  flows  through,  and  (for  concentric  nebulizers) the thickness of 
the wall of the center capillary [ 1  l]. There are  a  variety of designs of concentric, 
cross-flow,  and  high-solids  nebulizers.  Most of the concentric  nebulizers  are  made 
of glass  and  their  dimensions  can  vary  significantly  from one nebulizer to the  next, 
even of the  same  type [ 181. As a  general  rule, the gas  must  reach sonic veloc- 
ity  (approximately 320 &sec)  in order to produce  a  fine  aerosol  effectively. 
Cross-flow  nebulizers are typically  made of co~osion-resistant materials so that 
even  solutions  containing  hydrofluoric  acid  can be nebulized  and  introduced into 
the ICP. 

The primary  aerosol droplets become  smaller  as the nebulizer  gas  flow rate 
is increased  (Fig. 3.7). Often, the  average  aerosol size is described  by the Sauter 
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ure 7 Effect  of  nebulizer  gas  flow  rate  and  sample  uptake  rate  on  primary  and  tertiary 
aerosol  drop  size  distributions. A Meinhard  TR-30  nebulizer  was  used  with  a  double-pass 
spray  chamber.  (a)  Primary  aerosol  produced  by  nebulizer  as  a  function  of  nebulizer  gas 
flow  rate  for  a  l-m.L/min  sample  uptake  rate.  (b)  Tertiary  aerosol  exiting  spray  chamber  as  a 
function  of  nebulizer  gas  flow  rate. (c)  Primary  aerosol  as  a  function  of  sample  uptake  rate 
at  a  nebulizer  gas  flow  rate  of  0.8  L/min. (d) Tertiary  aerosol  exiting  spray  chamber  as  a 
function  of  sample  uptake  rate.  (From  Ref.  18.) 
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mean  diameter, D3,2 (a  ratio of the total volume of aerosol  to the total  surface  area). 
When  the  nebulizer  gas  flow  rate for a  Meinhard  TR-30  nebulizer  was  increased 
from 0.6 to 1.0  L/min,  the D3,2 decreased  by  approximately  a factor of 2,  from 
18 to 8.7 pm [ S ] .  

The primary  aerosol  droplets  also  become  slightly  smaller  as  the  sample 
uptake  rate is decreased.  However, the Sauter  mean  diameter is not  as  sensitive to 
changes  in  sample  uptake  rate  as it is to the nebulizer  gas  flow  rate.  For  example, 
when  the  uptake rate was  decreased from 1.0  to 0.6 niL/min, the D3,2 value 
decreased by only 4% (10.9  to  10.5 at a  nebulizer  gas  flow rate of 0.8 L/min) [51. 

As the sample  uptake  rate is increased, the amount of analyte  transported 
into the ICP increases [ 191, but  not propo~ionately (Fig.  3.8). The efficiency of 
analyte  transport  improves  as the sample  uptake  rate is decreased. The analyte 
transport  efficiencies  were 60%, 14%,  and 3% at sample  uptake  rates of 10, 100, 
and  1000  p,L/min,  respectively.  As  a result, detection limits obtained  using  a 
sample  uptake  rate of 50 to 85  pL/min are  similar to those for a l-niL/min uptake 
rate [ 121. 

Three  main  processes  appear to control the modification  and  loss (or trans- 
port) of analyte  aerosol  in  the  spray  chamber:  droplet-droplet  collisions  resulting 
in  coagulation,  evaporation,  and  impact of larger  droplets into the  walls of the 
spray  chamber.  Aerosol  droplets  can be "lost"  (impact  the  walls  and  flow  down 
the  drain)  as  a  result of several  processes in the spray  chamber [ 1 1,201. Because 
turbulent  gas  flows  are  key to generating  aerosols  with  pneumatic  nebulizers,  the 
gas  in the spray  chamber is also turbulent.  Droplets  with  a  variety of diameters 
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Figure 8 Analyte  transport  rate  (expressed  as  equivalent  volume of sample  solution)  as a 
function of sample  uptake  rate.  A  Cetac  microcentric  nebulizer (MCN) was  used  in  a 
double-pass  spray  chamber.  (From  Ref. 422.) 
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have  a  wide  distribution of velocities. As a  result,  droplet-droplet  collisions  are 
likely, depending  on  the  number of droplets  per  unit  volume.  Larger  aerosol  drops 
may collide with  the  walls of the  spray  chamber  as  a  result of turbulence  induced 
losses.  Drops  with  sufficient  momentum  may  not  be  able to follow the gas  flow 
through  the  spray  chamber, so these  drops  impact  on  the  walls of the  spray 
chamber  (this is called ine~tial ~ e ~ ~ s ~ t i u n ) .  Gravitational  settling is another  poten- 
tial  means to lose large droplets  as  they  pass  through  the  spray  chamber.  Evapora- 
tion  results  in  a  decrease  in  aerosol drop size,  thereby  improving the chances for 
the  analyte  to  follow the gas flow through  the  spray  chamber  and into the ICP. 

The spray  chamber is often  erroneously  thought to act as a simple  cut-off 
filter  that  removes  only  droplets  with  diameters  greater  than  some  maximum 
diameter.  However,  even  very  small (<3-pm diameter)  droplets  have  a  low 
probability of passing  through the spray  chamber  and  reaching  the  plasma [5] 
when  the  sample  uptake  rate is 1 d h i n  (Fig.  3.9).  This is most  likely  due to 
droplet-droplet  collisions,  coagulation,  and  subsequent  loss of the  larger,  coagu- 
lated  droplets by turbulence  losses,  inertial  impact,  or  gravitational  settling. As is 
also seen  in Fig. 3.9,  droplets  with initial diameters  greater  than  about 15 pm are 
not  transported  through  the  spray  chamber  with  good  efficiency,  even  at  low 
sample  uptake  rates. 

If the sample  uptake  rate is decreased,  the  number of droplets  per cubic 
centimeter  in the spray  chamber  decreases,  droplet-droplet  collisions  resulting  in 
coagulation  are  less likely, and  the  analyte  transport  efficiency  increases,  as  shown 
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different sample uptake rates. A Getac  microconcentric nebulizer (MCN)  was  used  in  a 
double-pass spray  chamber. Other concentric nebulizers behave  similarly.  (From  Ref. 422.) 
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Analyte Transport  Efficiency  as  a  Function 
of Sample Uptake Rate for Three Different  Nebulizers 

. Used  with  a Scott Double-Pass Spray  Chambera 

Analyte  transport  efficiency (%) 

Liquid uptake Meinhard Meinhard Cetac 
rate (mL/min) TR-30-A3 HEN MCN 

0.010 50% 60% 60% 
0.020 40% 55% 45% 
0.050 20% 30% 22% 
0.100 13% 16% 14% 
0.200 8% 9.5% 9% 
0.500 4% 5.2% 5% 
l .ooo 2.5% 3% 2.9% 

“Nebulizer gas flow rare was 1.0 Llmin in all cases. 
Source: Ref. 422. 

in  Fig. 3.8 and  Table 3.1, Argon  at  room  temperature  becomes  saturated  when it 
contains  about  25  mglL of water  vapor.  At  an  uptake  rate of 1 mL/min, less than 
2% of the aerosol  can  evaporate  in  the  spray  chamber  when  a  gas  flow  rate of 1 
L/min is used.  Then the argon is saturated  with  water  vapor  and  no  further 
evaporation of the  aerosol  takes  place.  However,  as  the  sample  uptake  rate is 
decreased, the percentage of the sample  aerosol  that  can  evaporate  increases.  At 
sample  uptake  rates  below 25 p.,L/min,  all of the water  aerosol  can  evaporate  in 
the  spray  chamber,  thereby  increasing  the  transport  efficiency of analyte into the 
ICP. The  largest  drops  may  not  have  sufficient time to evaporate  before  impacting 
the walls of the spray  chamber. 

As  can be seen  from  the  results  in  Table  3.1,  the  analyte  transport  efficiency 
is similar for both “conventional” and “micro-” or “high-efficiency9’ nebulizers 
when  compared  under  identical  flow  rates. The increase  in  analyte  transport effi- 
ciency  with  decrease  in the sample  uptake rate (sometimes  called “starving” the 
nebulizer  because  uptake  rates less than the natural  aspiration  rate  are  used)  was 
reported  long  ago  [21,22]. So the  main  advantage of the  newer “micronebulizers” 
is that  their internal volume is small,  a feature that  becomes  more  important  as  the 
uptake  rate is reduced. A capillary  can also be inserted into a “conventional” 
concentric,  pneumatic  nebulizer to decrease its internal dead  volume  [23,24]. 

Ultrasonic  nebulizers  are  unique in that  a  piezoelectric  transducer,  powered at 
frequencies of 200 IsHz to 10 MHz, is used  to  generate  aerosol  from  sample  that 
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flows across  the  transducer  surface.  This  has  three  important  implications: No 
turbulent  gas  is  needed  to  produce the aerosol, so turbulence  induced  aerosol 
losses  and  droplet-droplet  coagulation  in  the  spray  chamber  should  be  reduced 
compared  to  those of pneumatic  nebulizers. The flow  rate of the gas  used to carry 
the  aerosol to the ICP can  be  optimized  independently of the aerosol  generation 
process.  Finally, there are  no small orifices to become  clogged. 

Most  ultrasonic  nebulizers  use  a  somewhat  larger  sample  uptake  rate  (2-3 
~ / m i n )  than  pneumatic  nebulizers.  Typically the spray  chamber  and/or  a  tube 
following  the  spray  chamber is heated to evaporate  water  partially from the 
aerosol, Because the aerosol  transport  efficiency is higher  when  an  ultrasonic 
nebulizer is used,  particularly  with  a  heated  spray  chamber,  a  system to remove 
solvent  (typically  a  condenser  and/or  membrane  separator) is essential to prevent 
deleterious  cooling of the ICP by excess  water. 

The combination of the  ultrasonic  nebulizer,  heated  spray  chamber  and 
condenser/desolvator leads to  improvements  in  detection limits by a factor of 
about 10 compared to that of a  pneumatic  nebulizer  without  a  desolvation  system. 
This is the  main  reason  ultrasonic  nebulizers  are  used  despite  their  higher  cost 
(approximately U.S. $15,000 in 1998). 

There are  several  drawbacks  to  ultrasonic  nebulizer/desolvation  systems. 
Precision is typically  somewhat poorer (1% to 3% relative standard  deviation) 
than for pneumatic  nebulizers (0.5% to  1.0%  relative  standard  deviation)  and 
washout  times  are  often  longer (60 to 90 sec compared to 20 to 30 sec for a 
pneumatic  nebulizer/spray  chamber  without  desolvation).  Furthermore,  chemical 
matrix egects are  dependent  on  the  amount of concomitant  species  that enter the 
ICP per  second.  Therefore,  use of any  sample in~oduction device that increases 
the  amount of sample  entering  the  plasma  per  second  also  naturally  leads  to  more 
severe  matrix effects when  the sample contains high  concentrations of concomi- 
tant  species. 

~ e s o i v ~ t i o ~  Systems 

Desolvation  systems  can  provide  three  potential  advantages for ICP-MS:  higher 
analyte  transport  efficiencies,  reduced  molecular  oxide  ion  signals,  and  reduced 
solvent  loading of the  plasma. Two different  approaches  have  been  used for 
desolvation  in  ICP-MS. The heated  spray  chamber/condenser  combination  has 
been  discussed; it is the most  commonly  used  system. The extent of evaporation of 
the solvent  from the aerosol  and  cooling  to  reduce  vapor  loading  varies from 
system  to  system. The second  approach is the use of a  membrane  separator to 
remove  solvent  vapor  before it enters the ICP. 

~ e a t e ~  Spray C ~ a ~ ~ e r s .  The  use of a  heated  spray  chamber to evaporate 
the aerosol  partially leads to  reduction  in drop size and  therefore  higher  analyte 
transport  efficiencies.  Often  the  drying of the aerosol  droplets is incomplete. 
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Typically, either the  walls of the  spray  chamber  have  been  heated  or,  in the case 
of the  Mistral  system  from VG Elemental, infrared radiation  heating is used  [25]. 
Microwave  heating of the  aerosol  seems to be inefficient. It is unlikely  that the 
aerosol is completely  dried in these  systems. 

Using a microcentric nebulizer at low  flow rates (typically about 50 
pLlmin), a heated  spray  chamber,  and a heated  rnicroporous  membrane  desolva- 
tor,  the  Cetac  MCN-6000  system  can  provide  analyte  transport  efficiencies of 
50% to 90%. This  system is made  completely of HF resistance  materials. 

Recently,  Legere  [26]  presented  some  very  interesting  results  using a spe- 
cially  designed  spray  chamber to heat a secondary gas before it enters  the  spray 
chamber  and  then  efficiently  mix  that gas with  the  aerosol  produced  by the nebu- 
lizer.  Because the aerosol “jet” typically  entrains  large  volumes of gas, the addi- 
tional,  heated gas can  be  very  efficiently  mixed  with the gas from the  nebulizer  in 
order  to  promote  rapid  heating  and  evaporation of the sample  aerosol. The goals of 
this design include virtually  complete  vaporization of liquid  aerosol,  prevention of 
aerosol  from  striking  the  walls of the spray  chamber,  and  100%  analyte  transport 
efficiency. It appears  that the liquid  water is almost  completely  removed  from  the 
aerosol for sample  uptake  rates  up  to 300 pL/rnin  (then  the  heated Ar becomes 
saturated  with  water  vapor  and  the  dew  point is reached). A Nafion  membrane 
desolvator is used  to  remove  most  of the water  vapor  before it enters the ICP. As 
the  sample  uptake rate is increased  from  25 to 250 pL/min, the  ICP-MS  signal 
increases by a factor of 10 (in  stark  contrast to the data  shown  in  Fig. 3.8). This is 
strong  evidence  that the analyte  transport  efficiency is constant  and  virtually 
loo%, even  at a sample  uptake  rate of 250 pLlmin. As a result, sensitivities  are 
enhanced  by  about a factor of 10 compared to those of a conventional  pneumatic 
nebulizerlScott  spray  chamber  used  with  an  uptake  rate of 1 mL/min.  Washout 
times  are  also  very fast. 

Condensers  to  Remove  Solvent Vapoz The use of a condenser to cool  the 
vapor  and  remove it by condensation  on the walls of the  condenser is one  means to 
reduce  solvent  vapor  loading of the ICP. However,  this  approach entails a prob- 
lem: the solvent  recondenses  on  the  desolvated  particles  as  well.  In  an  attempt to 
get  around  this  problem  and  to  remove as much  solvent  vapor as possible, Houk et 
al. E271 have  used a three-stage  cryogenic  desolvation  system. “he sample  aerosol 
passes  through a heated  spray  chamber, a condenser at 0°C  to - 10°C,  and a 
cryogenically  cooled  condenser,  and  then  goes  through  three  cycles  of  heating  and 
cryogenic  cooling  before  entering the plasma.  Although this is an  elaborate  and 
inconvenient  system,  signals  from  polyatomic  ions  including ArO+,  ClO+, and 
ArCl+ are  reduced  by a few  orders of magnitude.  This  reduction  significantly 
enhances  detection limits for Fe, V, and  As [2’7]. 

~ e m ~ r a ~ e  Separators. Solvent  vapor  can be removed  from  the  sample 
carrying gas by establishing a concentration  gradient  across a membrane. The 
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sample  vapor  travels  inside  the  membrane  tube  and a dry,  sweep  gas is passed  in a 
tube  surrounding the membrane. The removal of the  solvent is driven by a concen- 
tration  gradient  between  the  inside of the  membrane  tube,  where  the  sample  and 
solvent  vapor  are,  and  the  outside of the  tube,  where  the  sweep  gas  flows. The 
advantage of this  approach is that  solvent  vapor  can  be  removed  without  the 
deleterious  effects of cooling  with a condenser. The use of membrane  separators 
for solvent  removal  in  ICP-MS  was  first  described  in  1990  [2&,29]. 

Two membrane  types  that  operate  on  different  principles  have  been  used  in 
commercially  available  membrane  separators:  microporous  membranes  and  se- 
lectively  permeable,  nonporous  polyimide or Nafion  membranes. The micro- 
porous  Teflon PTFE membrane  can be used to remove  water  vapor  or  organic 
solvent  vapor.  Any  gaseous  component, i n c l u ~ i ~ g  volatile ~~aZytes  such as Hg, is 
pa~ially or  extensively  removed. The sweep  gas  flow  rate is typically  similar to 
the  sample  carrier gas flow rate, 

In contrast,  Nafion  removes  water  vapor by a process calledperevaporation. 
Water is absorbed onto the  walls of the  Nafion,  moves  through  the  walls,  and 
evaporates into the sweep  gas [30]. As a result, volatile  analytes  should  not be lost 
through  the  membrane. The efficiency of removal  depends  on digusion of water 
vapor  to  the  walls of the membrane.  When the water  vapor  load is significantly 
less than  the  dew  point,  the  efficiency also improves  as  the  temperature of the 
dryer  is  reduced [3 l]. This membrane  separator does not  remove  organic  solvent 
vapor  from  the Ar gas  stream,  but  it  also  does  not  suffer  from  loss of volatile 
analytes. 

A nonporous  aromatic  polyimide  membrane  that is selectively pemeable to 
has also been  used for water  vapor  removal  before  the  sample 

enters  the  ICP-MS  [32].  Molecular  analyte oxide ion  signals  were  reduced  ap- 
proximately  two  orders of magnitude  and 0-containing polyatomic ions, such as 
Ar0+ and C10+, were  reduced by one  to  two  orders of magnitude. 

Although the membrane  separators  are  useful for solvent  vapor,  care  must 
be  taken to prevent  fouling  the  membranes  with  liquid  solvent, as occurs  when 
incompletely  desolvated  aerosol enters the  membrane  separator. 

irect injection Nebulizers 

Direct  injection  nebulizers  are  operated  without a spray  chamber.  Instead,  the 
concentric,  pneumatic  nebulizer is positioned just below  the  plasma  and  100% of 
the sample is sprayed into the ICP. The nebulizer  replaces the center  tube of the 
ICP torch. The direct injection  nebulizers  are  particularly  attractive for the  anal- 
ysis of small  sample  volumes  and for elements,  such as Hg, I, and 
surfaces  in  the  spray  chamber  and  therefore  have  long  washout  times  when a 
spray  chamber is used.  The  dead  volume of the  direct  injection  nebulizers is small, 
so they  have  often  been  used to couple  capillary  separations  with  ICP-MS  detec- 
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tion  [33]  and to increase  sample  throughput  rates [34]. One of the disadvantages of 
the direct  injection  nebulizers is that molecular  oxide  ion/elemental  ion  signal 
ratios  are  higher by about a factor of 3 [35]. The sample  liquid  uptake  rate  to  the 
nebulizer is limited to 120 p,L/rnin or less to  prevent  solvent overloa~ng of the 
ICP. 

Two different  kinds of direct injection  nebulizers  are  available  commer- 
cially. The total  consumption  nebulizer  was  developed  by  Greenfield  et al. [36] for 
ICP optical  emission  spectrometry.  The  concept for the  Cetac  direct  injection 
nebulizer  (DIN)  was  developed by Fassel,  Houk,  and  coworkers  [35,37]. It has a 
narrow  sample-carrying  capillary  [30-50 pm inner  diameter (id.), 0.5  to 1 m 
long]  that  extends  slightly  past  the  nebulizer gas tube. A second,  auxiliary  or 
makeup,  nebulizer gas is introduced  through  another  concentric  tube  outside the 
nebulizer gas tube. A gas displacement  pump  (up  to  1500 psi) or HPLC pump is 
used  to  deliver the sample  to  the  nebulizer  through  the  long,  narrow  capillary. 

The second type of direct  injection  nebulizer,  called  the direct inject io~ 
~ i g ~ - e ~ c i e n c y   n e ~ ~ l i z e r  (DIHEN), is a specific  type of the 81 
that is inserted into the ICP torch in place of the center, inj in 
advantage of the DIHEN compared to the Cetac  DIN is that a high-pressure  pump 
is not  needed  to deliver sample to the nebulizer.  An  unusually  low  nebulizer gas 

n)  and  high ICP power (1.5 kW) were  found  to  provide 
itivity  when ~ I H E N  is used [38], 

eneration Sample ~ n t ~ o ~ u ~ t i o n  

Several  elements  (including  As, Bi, Ge,  Pb, Sb, Se,  Sn,  and Te) form  volatile 
hydrides  when  reacted  with  sodium  borohydride at room  temperature. 
ducing the analyte as a volatile  hydride,  high-transport  efficiencies,  and  therefore 
improved  detection limits, can  be  achieved.  Often as importantly,  much of the 
sample  matrix is not  introduced into the ICP because  those  species do not  form 
volatile  compounds.  Commercial  hydride  generation  sample  introduction  systems 
are  available. 

Continuous,  batch,  and  flow  injection  modes of hydride  generation  have 
been  used  successfully [39-411. In  the  commonly  used  continuous  mode the 
sample  and  sodium  borohydride  solutions  are  pumped  by  using a dual-channel 
peristaltic  pump into a mixing  chamber.  The  volatile  hydride gas and  hydrogen  are 
carried into the  plasma  with a flowing  argon  gas  and the excess  liquid is directed 
to the  drain. 

Key  experimental  and  chemical  considerations  are  necessary for successful 
use of hydride  generation  [39,40]. The reaction to form the volatile  hydride  may 
be highly  species- as well as element-dependent.  Therefore, the analyst  must  be 
aware of the  chemistry  and  realize  that  the  response  may be species-dependent. 
The signal  may  not be directly  related to the  total  elemental  concentration  in  the 
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sample.  For  example,  As(II1)  more  readily  forms  a  hydride  than  As(V1). So, it 
may  be  necessary  to  pretreat  the  sample  to  reduce the analyte to the  proper 
oxidation  state.  Arsenobetaine  and  arsenochlorine do not  react  to  form  volatile 
arsenic  hydride  [42]. The species-dependent  hydride  generation  can  be  used  to 
advantage for elemental  speciation.  For  example,  As(II1)  can  be  measured  by 
hydride  generation,  and  then As(V1) can  be  determined by determining  the 
difference  from  a  total As concentration  measurement  [43]. 

The acid  content of the sample,  the  reactant  concentration,  the  liquid  flow 
rates of the sample  and  reactant,  the  argon  carrier  gas  flow  rate,  and  the  reaction 
cell design  can all affect the hydride  generation  and  transport. If too much H,, 
CO,, and H,O is generated,  the  plasma  may  be  overloaded. This effect  can  be 
minimized by proper  control of  flow rates,  pumping the drain  to  remove  the  liquid 
after  reaction  and  adding  NaOH to the  solution  waste. The transfer of analyte 
hydrides into the ICP [44]  and the pH  dependence of hydride  forming  elements 
[45]  have  been  investigated  theoretically  and  experimentally.  Some sample com- 
ponents  can interfere with the hydride  generation  process.  Transition  metals  can 
interfere with  the  hydride  generation  process  by  being  preferentially  reduced. 

Separation of the  hydride  gas  from  the  liquid is key  to  stable  signals.  Pulses 
of hydride  can  be  produced if the reaction  solution is not  well  mixed,  gas  bubbles 
form  in  the  tubing  as the reaction  occurs,  and the generated  gas is not  well  mixed 
with  the  carrier  gas. A variety  of  gas-liquid  separation  devices  have  been  used, 
including  gas-permeable,  microporous  membranes. If an  appropriate  membrane 
is chosen, the hydride  gas  passes  through it efficiently,  but  aerosol  and  liquid do 
not  [42,46].  Effective  separation of the gas from  the  liquid also minimizes intro- 
duction  of  sample  matrix  species into the ICP. For  example,  the ArCl+ spectral 
overlap  at  mass 75 with the only isotope of As  can  be  prevented  by  using  hydride 
generation  sample  introduction  rather  than  introducing  an  aqueous  solution  con- 
taining  a  high  concentration of chlorides into the ICP as  an  aerosol  [42,46,47], 

Flow Injection Sample ~ntro~uction 

Flow  injection  analysis  involves  a  flowing  stream of solvent into which  a discrete 
volume of sample is injected.  Many  different  chemical  sample  treatments,  includ- 
ing  on-line dilution, extraction,  preconcentration,  matrix  removal,  separations, 
dissolution,  precipitation  reactions,  and  generation of volatile  species,  can be 
effectively  used  in  a  flow  injection  mode  [48].  Exponential  dilution  can be used 
for calibration.  Internal  standards  can  be  added  on-line  to the sample  [49].  One 
of the main  advantages of  flow injection is that  these  processes  can  be  easily 
automated.  Another  potential  advantage of ICP-MS is that  samples  containing 
high  concentrations of dissolved  solids  can  be  analyzed  during  short  pulses  in 
order  to  prevent  excessive  deposition of salt  on  the  sampler or skimmer. 

Selected  elements  can  be  preconcentrated by using  a  short colum onto 
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which  the  analytes  are  absorbed. The preconcentration factor can  be  controlled 
because it depends  on  the  amount of time sample is flowed  through  the  column 
[49]. After  a  fixed  time  the  analytes  can  be  eluted  from  the  column  in  a “plug” by 
an  acidic  solution, for example,  and carried to the nebulizer in a  flowing  stream. 
Alternatively,  a  column  can  be  used  to  remove  particular  components of the 
sample  from the stream  while  allowing  analytes of interest  to  pass  through  the 
column [50]. 

Solid Sample  Introduction 
Dissolution of solid  samples for ICP-MS  analysis  has  several  disadvantages, 
including  time  consuming  procedures,  difficulty  in  gaining  complete  dissolution, 
potential loss of elements  that  form  volatile  species,  potential  contamination by 
reagents  and  vessels,  and loss of information  on the spatial dis~bution of elemen- 
tal  composition.  Furthermore, the introduction of solvent  aerosol  and  vapor into 
the ICP leads to the  production of molecular  ions  that  can  cause spectral overlaps 
with  analyte  elemental  ions of interest.  Several  solid-sampling  techniques  have 
been  developed  to  overcome  some  or all of the  disadvantages of sample  dissolu- 
tion  and  solution  sample  introduction for ICP-MS.  These include laser ablation, 
electrothermal vapo~zation, spark  and  arc  ablation,  and  powder  injection  devices. 
The major  problem  with  solid  sample  introduction is calibration for quantitative 
analysis,  often  requiring  standards  that  are  well  matched to the  sample. 

Many  of  the  solid  sample  introduction  techniques  produce  transient  signals 
or at  least  signals  that  fluctuate on short  time  scales. The combination of time-of- 
flight  ICP-MS  and  solid  sampling  approaches  that  generate  a  transient  signal  may 
be  particularly  attractive  because all elements  can  be  monitored  simultaneously. 
Multielement  analysis  from  transient  electrothermal  vaporization or direct  inser- 
tion smple introduction  will  become more viable. It is even  possible to monitor 
signals for all elements  from  material  produced  from  a single laser pulse. 

Laser A ~ l a t i ~ ~ .  When  a laser is focused  on or just above  a  solid  sample, 
the  surface  can  be  ablated  to  produce  particulates  and  vapor by sputtering  and 
thermal vapo~zat~on processes. The sample  vapor  and dry aerosol  can be carried 
in  a  flowing  gas  stream into the ICP [5 1,521. Laser  ablation  (LA)  sampling is 
amenable  to a wide  variety of materials,  conducting  and  nonconducting,  inorganic 
and  organic. The ablated  spot size can  be  as  small  as  a  few micrometers, so spa- 
tially  resolved  measurements  can  be  made.  Recently  introduced  lasers  with  flat 
beam  profiles  also  allow  depth-resolved  measurements.  Laser  ablation-ICP-MS 
has  been  widely  used for geological  samples. 

The  ICP-MS signal depends on the amount of analyte entering the plasma 
per  second. The amount of material  ablated  per  laser  pulse is strongly  dependent 
on  the  sample  properties  and the surface mo~hological features. In addition,  the 
amount of material is dependent  on  the  laser  properties,  including  wavelength, 



86 Olesik 



~ ~ ~ u c t i v e l y  Coupled Plasma Mass ~ p e c t r o m e t ~  87 

10-nglg  range  in  geological  materials  have  been  reported  recently  [62].  Precision 
of 5% to 10% is typical,  although this is also  strongly  dependent  on  experimental 
parameters as well  as  sample  homogeneity  [64].  If  a  simultaneous  detection  sys- 
tem is used,  such  as  a dual-qua~pole  [65] or multicollector  sector  MS  [57,58, 
661, isotope  ratio  precision of  0.24%  to 0.004% can  be  obtained,  respectively. 

The  major  1inGtation of LA-ICP-MS is the  need for standards  that  closely 
match  the  properties of the  samples.  In  some  cases it is possible to use  NIST  glass 
standard  reference  materials for calibration  in the analysis of geological  materials 
[67,68].  Internal  standardization  employing  MS  signals  from  elements  at  known 
concentrations  has  been  used  to  improve  precision  and  accuracy.  Other  tech- 
niques,  such  as  acoustic  [69]  and  light  scattering  [70]  measurements,  have  been 
used  in an attempt  to  monitor the relative  amount of material  ablated.  These 
approaches  seem  to  work we11 for variations in the amount of material  sampled for 
similar  sample  matrices  but  not for very  different  types of solids.  Dual-sample 
introduction  systems  with either wet  [71]  or  dry  [72]  aerosol  introduction  in 
addition to laser  ablation  have  also  been  reported. 

By positioning the sample just below  the  ICP,  sample  transport  losses  can be 
dramatically  reduced  [73].  This “in situ” sampling  approach  suggests  some 
interesting  possibilities for laser  ablation  sarnpling. A narrow-signal  (0.7-msec) 
pulse was  produced after each laser pulse. The peak  signals  were  approximately 
1000 times  the  steady-state  signal  observed  when  a  conventional  ablation. cell and 
transfer  tubing  were  used.  However, fast, simultaneous  detection  (such  as is 
provided  by  time-of-flight  mass  spectrometers) is required to take full advantage 
of this  approach  in  ICP-MS. 

E l e c t r o t ~ e ~ a l   ~ a ~ o r i z a t i o ~ .  Samples  may be introduced into the ICP as 
vapor,  including  atoms,  molecules, small clusters, and small particles  [74] by 
electrothermal  heating  [75]. A small  liquid ( ~ 1 0  pL) or  solid (-10  mg) sample is 
placed  on  a  graphite furnace or  tantalum  filament,  which is heated  by  passing  a 
high  dc  current  through  it. The electrothermal  source,  unlike  in elec~othermal 
vaporization (ETV)-ato~c absorption  spectrometry,  does  not  have  to  atonGze  the 
sample,  only  to  transfer it into a form that  can be efficiently  carried into the ICP. 
The vaporizer is part of a  closed  system  through  which  a  carrier  gas  flows  to  take 
the  vaporized  sample  through  a  length of tubing into the ICP. The advantages of 
this  approach  are direct sampling  without  requiring  dissolution  and  ability  to 
vaporize the water  before  vaporizing  the  sample so that  molecular  ions  that 
involve 0, such  as ArO+, are  much  less  common. 

The ETV  parameters,  including  vaporizer  temperature,  carrier  gas  flow  rate, 
drying  temperature  and  duration,  pyrolysis  temperature,  and  duration  and  vapor- 
ization  temperature, all affect  the  transient  signal  produced.  Different  elements  are 
carried into the  plasma  at  different  times,  depending  on  their  volatility. 

The transport of sample into the ICP appears to be more  efficient  when  the 
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sample is carried as  small  particles.  These  particles  can  be  formed by self- 
nucleation or by  addition of physical carriers, such  as  high  concentrations of NaCl. 
Several  groups  have  investigated the use of chemical  modifiers  and  their  effect 
on  analyte  transport  [76-781. 

Detection limits are  typically less than  picograms  per  milliliter (pg/mL,) 
[79,80]  with  absolute  detection limits as  low  as  2  attograms  [81].  Often  standard 
addition  calibration  and  a  good  knowledge of the  chemistry of the  sample in the 
vaporizer  are  required for successful  use of ETV-ICP-MS. 

Direct SampZe Insertion. In direct sample  insertion  (DSI)  [82],  the  sample 
is placed  on  a  rod,  metal  loop,  or cup on  a  rod.  After  desolvation  (by  inductive 
heating of the  rod or use of a  heat  gun),  the  sample is inserted into the  plasma. The 
advantages of the DSI system  include  nearly 100% sample  transport  efficiency 
into the ICP and  use of a  single  power  source. The most  exciting  capability of DSI 
is preconcentration  using  aerosol  deposition  that  can  provide  two  orders of magni- 
tude of improvement  in  ICP-MS  detection limits [83]. Detection limits as  low  as 
0.06 parts  per  trillion  were  obtained. 

Other  Solid Sample I n t r o d ~ c t i ~ n  Systems. Arc  discharges  (continuous 
discharges  between  two  electrodes,  one of which is the  sample)  have  been  used to 
generate  dry  aerosols from conducting  samples [84] and  powders  mixed  with  a 
conducting  matrix.  Spark  discharges  (short,  pulsed  discharges)  have also been 
used for solid  sampling into ICP-MS [85,86]. A unique  system to introduce 
powders  quantitatively  directly into the ICP at a  controlled rate has also  been 
described [%',SS]. 

The interface  used  today  between the atmospheric-pressure  plasma  and  the  low- 
pressure  mass  spectrometer is based  on  a  differentially  pumped  two-stage  inter- 
face similar to those  used for molecular  beam  techniques [89-9 I]. The key to 
successful  development of ICP-MS inst~ments was  the  use of a  relatively  large 
(~1-mm-diameter) sampling  orifice so that  continuum  flow  was  attained  with  an 
unrestricted  expansion of the plasma to form a free jet, When  small  orifices  were 
used,  a  cold  boundary  layer  formed in front of the  orifice,  resulting  in  substantial 
cooling of the  plasma,  including  extensive  ion-electron  recombination  and  mo- 
lecular oxide  formation. The smaller  orifices  were  also  susceptible to clogging. 

Plasma  gas  (overall n e u t r ~ )  flows  through the sampling  orifice  and  expands 
in  the  first stage of the  mass  spectrometer  (at  a  pressure of a  few  torr).  Assuming 
ideal,  neutral  gas  flow,  approximately  2  atm Umin [at  standard  temperature  and 
pressure  (STP)] of gas  flows  through the sampling  orifice  [92].  Therefore,  most of 
the  analyte  ions  from  the  center  channel of the ICP pass  through  the  sampling 
orifice. 
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The free jet foms downstream of the  sampling  orifice  with  a  barrel  shock 
and  Mach  disk  [93]. A s k i m e r  (also with  a  diameter of -1 mm) is placed 
approximately  two  thirds of the distance  between  the  sampling  orifice  and  the 
Mach  disk for optimal  sampling.  Flow  along the center line travels  through the 
skimmer to f o m  a  directed  beam into the second  stage of the  ICP-MS (0.1 to 1 
mtorr).  Although  most  analyte  ions  likely  pass  through  the  sampling  orifice,  only 
ions from  a  narrow spatial region of the plasma  (approximately 0.2- to  0.3-mm 
wide)  appear to reach the detector of the  mass  spectrometer  [94,95]. 

It  appears  that the sampling  process is mainly  determined  by  neutral  atoms. 
This is reasonable  because  only  a  small  percentage of the  plasma is ionized  (Ar is 
about 0.1% to 0.2% ionized).  Therefore, there are  orders of magnitude  more Ar 
atoms  than  any  atoms of other  species,  including  sample ions, in the plasma. 
Moreover, it has  been  concluded  that  ion-molecule  reactions  are  not  a  major 
source of molecular  ions  observed  in  ICP-MS  [92]. This conclusion is consistent 
with  theoretical  calculations of collision  rates  [95].  Recently,  Houk  has  reported 
that  theoretical  calculations of the relative abundance of molecular ions in the ICP 
itself  are  consistent  with  ICP-MS  experimental  observations  [96]. 

If  the  flow of gas  through the sampling  and  skimmer  orifices is predomi- 
nantly  determined  by  neutral gas, then the analyte  ions  should be traveling  at  the 
same  velocity,  regardless of mass.  As  a result, the ion  kinetic  energy  increases 
with the mass of the ion  [97,98].  Ion kinetic energies  vary  with ICP power, 
nebulizer  gas  flow  rate,  and MS interface  pressure  [99,100].  Ion  kinetic  energies 
typically  range  from  about 3 to l0 eV for ions of mass 7 to 250. The spread of ion 
kinetic energies for midmass  ions is typically  about  3.8  eV (full width  half 
maxim~m). 

ss 

Because of the higher  mobility of electrons  compared to much  heavier  elemental 
ions  and  the  electrostatic  field  produced  by the ion optics designed to focus 
positive ions, charge  separation  occurs so the  overall  neutral  plasma  gas  beam 
becomes  a  positive  ion  beam. This most  likely  occurs  in the region  near  or just 
after  the  skimmer [99,101- 1031.  If the  number of ions  in the positive  ion  beam is 
large  enough,  space  charge  defocusing  occurs. The ion  current  passing  through the 
s k i m e r  has  been  estimated  to  be  as  high  as  1.5  mA [ 1041; therefore,  space  charge 
defocusing is significant. 

Ion Optic Designs 

The function of the  ion  optics is to  maximize t rans~ssion of ions  from  the 
skimmer into the  mass  spectrometer  while  minimizing  background  due to photons 
or fast neutrals.  The  ion  optics  need to focus  ions  with  a  relatively  wide  spread of 



90 ~ l ~ s i k  

ion  kinetic  energies 1-4 eV) for a single  mass  as  well  as  over a wider  range of 
mass-dependent  ion  kinetic  energies.  Calculation of ion  trajectories in order to 
design  optimal  ion optics is  complicated by two  processes:  space  charge effects 
and  scattering of ions  by  collisions  with  the  background gas, ~urthermore, the 
location  and  distance  over  which  charge  separation  occurs  are critical and  not  well 
known.  Tanner  has  described the development of the  ion  optics for ICP-MS  as a 
combination of "modeling,  intuition  and  blind  luck" [ 1051. 

High-energy  photons  and fast neutrals  can  produce a signal if they  strike  the 
detector. Two  main  approaches  have  been  used to minimize  this  potential  back- 
ground  signal. A stop  can  be  placed  on-axis  and  ions  focused  in a path  around  or  in 
back of the stop. Alternatively,  an  offset  ion lens can  be  used  or the ions  can be 
directed  through a 90" angle into the mass  spectrometer to prevent a straight line 
of sight  between  the  sampler-skimmer  and the mass  spectrometer. 

A variety of ion  optic  designs  have  been  used  (Fig. 3.10). Most  consist of 
several  lenses in combination  to deal with the wide  range of mass-dependent  ion 
kinetic  energies. One arrangement  (Fig.  3.10a)  used a combination of a Bessel 
box and  an  Einzel  lens.  Both  experimental  studies  of  ion  signals  as a function of 
lens voltages  and  theoretical  calculations  using  Simion or MacSimion [106,107] 
have  been  reported for this  set of ion optics. Another  set of ion optics  using a stop 
on-axis is shown  in Fig. 3.10b.  Hu  and Houk [ 108,1091  described  offset  ion optics 
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Ion  optics: (a) Einzel 1ensBessel box similar to optics used in Sciex E L M  
250,500, and 5000 ICP-MS instruments. (b) Multiple lens stack similar to those used  in VG 
instruments. (c) Optics similar to those used in HP 4500. (d) Offset ion lens system 
developed by Hu and Houk [ 108,1091 and used  in Themo ICP-MS. (e) Ion optics used  in 
Seiko instrument with  the quadrupole mounted perpendicular to the s a m p l e ~ - s ~ ~ e r  axis. 
(f) Single-lens-based ion optics similar to the  Perkin-Elmer ELAN 6000 system. 
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(Fig. 3.10~) that  deflected  ions  off  center  and  then  back  on  center,  thus  preventing 
a straight line of sight for photons for fast neutrals  to  travel  from  the  skimmer into 
the  quadrupole  mass  spectrometer  without the need for a stop. In  some  instru- 
ments  (Fig.  3.10d, e) the  mass  spectrometer is placed off axis  from  the  sampler- 
skimmer  axis  in order to  minimize  background  without the use of a stop. The 
effective focal length of an  ion  lens  depends on the  ion kinetic energy  (analogous 
to the  focal  length  dependence of an  optical lens on  the  wavelength of light).  Ion 
optic  systems for ICP-MS are  therefore n o ~ a l l y  designed from multiple  lenses  in 
order  to focus ions  with a range of ion  kinetic  energies  with  fixed  lens  voltages.  An 
alternative  approach is shown  in  Fig.  3.10f. A stop  and a single  cylindrical  lens  are 
used to focus  ions into the  mass  spectrometer,  but  the lens voltage is scanned 
synchronously  with  the  quadrupole  mass  spectrometer for best  focusing of ions 
of each  masslcharge  ratio. 

The transmission of ions from the skimmer  to the quadrupole  mass  spectrometer is 
generally  poor  (0.1%  to 0.01%) [92,105,1 lo], mainly  as a result of space  charge 
induced  loss of ions  from  the  beam, Space charge efYects can be thought of  in  two 
ways.  Positive  ions,  in  the  absence of electrons, in close proximity  repel  each 
other.  This  tends  to force positive  ions  away  from  the  beam  axis,  thus  reducing  the 
number of ions  that  pass  through  the  next  aperture  or into the  mass  spectrometer. 
Alternatively,  the  large  number of ions in the beam  can  be  considered  to  shield 
ions from the applied  electrostatic  field  produced by the ion optics, resulting in a 
defocusing of the  positive  ion  beam. The radial electric field  due  to  the  positive  ion 
beam  can  become  as  large  as  the electric field  produced by the  ion lens. As a result, 
there  are  severe losses of ion  transmission to the  mass  spectrometer  due to space 
charge  effects. 

The space charge  field is due  mainly to the  predominant  positive  ion, h+, 
when  only  trace  amounts  of  analyte are present  in the plasma. Initially, almost all 
of the  ions  are  moving at the  same  velocity  through  the  skimmer,  independently of 
their  mass.  Because  heavy  ions  have a higher kinetic energy  than  light  ions,  light 
ions  are  more  severely  defocused  by  the  space  charge  field.  As a result, a mass  bias 
toward  heavier  ions is induced. If sufficiently  high  concentrations of  heavy 
elements  are  present  in  the  sample,  they  can  contribute  significantly  to  the  total 
positive  ion  beam  current  and  produce  increasingly  severe  losses of lighter  ions 
from  the  positive  ion  beam,  as  will  be  discussed  further. 

The eeect of the ion  beam current on  model  predicted  ion  trajectories [ 1051 
is shown  in  Fig.  3.1 l. Important  inputs for the  model  are  the  location  and  distance 
over  which  charge  separation occurs to produce a positive ion beam. A charge 
separation  function  was  assumed  (Fig.  3.1 la) for the  simulation.  When  space 
charge  effects  are  not  included, a large  fraction of the  ions  pass  from  the  skimmer 
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11 Simulated Sc+ ion trajectories: (a) Ion optic geometry and voltages. Plot 
shows  assumed charge separation function. (b)  No space-charge effect included. (c)  Total 
beam current through  skimmer of 1 p,A (d) Total  beam current through s k i m e r  of 1500 
PA. (Note that darker trajectories correspond to 1% of the ion beam; 99% of the ion  beam is 
lost as indicated by the lighter trajectories.) (From Ref. 105.) 

through  the  ion optics (Fig.  3.1 1b). For a total  positive  ion  beam  current of only 
l PA, defocusing of the beam  can  be  clearly  seen  from  the  model  predictions  (Fig. 
3. l IC). When  the total ion current is increased  to  1500 PA, a value close to 
e~pe~mentally measured  currents,  about 98% of the Sc+ ions  are  deflected, 
impact  on  the inside of the skimmer  cone,  and  are lost (Fig.  3.1 Id). 

A multipole cell at  pressures  around 1 to  15  mtorr,  placed  between  the  sampler- 
s k i m e r  interfack  and  the  mass  spectrometer,  can  serve  two  functions:  reduce the 
kinetic  energy of the  ions  to  nearly  thermal  energies (c0.5 eV)  and  carry  out 
reactions  with  analyte or background  ions. Of particular  interest for ICP-MS are 
reactions  that  would  dramatically  reduce  spectral  overlaps  due to elemental or 
polyatomic  ions. Two potentially  undesirable  processes  must be considered for 
successful  use of a collision-reaction  cell.  Scattering  losses  can  be  severe  if the 
mass of the  collision  or  reaction  gas is high  compared  to  that of the  analyte  ion 
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mass.  Reaction  product  ions  could  produce  new  spectral overlaps, They  could also 
react  further  through  a series of reactions to produce  other  potentially  interfering 
background  ions. 

Collisional  fragmentation cells have  been  used  in triple quadrupole  MS-MS 
instruments for organic  mass  spectrometer for some  time.  However,  scattering 
losses of Ce+ analyte  ions  in  ICP-MS  were  found  to be greater  than  the  reduction 
in the CeO+ signal. It is unlikely  that collisional fragmentation  will  be effective 
for reduction of spectral  overlaps  in  ICP-MS. 

Ion-molecule  reactions  can  be  very  efficient.  Douglas [ 1 1 l] showed,  using 
ICP-MS-MS,  that Ce0,+ could be formed  in  a  reaction cell with  the  addition of 
oxygen.  Rowan  and  Houk [ 1121, using  a double-qua~pole instrument,  demon- 
strated  that h O + ,  hN+, and h,+ signals  were  reduced  more  rapidly  than  some 
of the  elemental  ions  when  Xe or CH,  was  used  as  a  reaction  gas.  Eiden et al. [ 1 131 
were  able  to  reduce the h+ signal  by  six  orders  of  magnitude by adding H, to  an 
ICP-ion trap mass  spectrometer. 

Turner et al. [l 14.1 described  an  ICP-MS  with  a  hexapole  transfer  lens  (Fig. 
3.12a) in  a  tube  that  allows  the  pressure  to  be maint~ned. The cell was  initially 
reported  to  contain  He,  although it is likely  that H, or H,O vapor  was  also in the 
cell  and is now  purposely  added to the cell [ 1 151. h,+, ArCl+, ArO+, and Ar+ 
signals  were  reduced  relative  to Se+, As+,  Fe+, and Ca+, respectively.  Detection 
limits for Fe, Ca, K, Se, and As near 10 parts  per  trillion  (ppt)  have  been  reported 
[ 1 151. Recently,  Beaty  and  Liezers [ 1 161 also  described  a  collision-reaction cell at 
a  pressure of 30 mtorr  that  reduced  the  ion  kinetic  energy  spread  as  well as 
“continuum” ICP-MS  background to less than 1 countlsec.  Previously,  Douglas 
and  French  had  described  the  use of an  rf-only  quadrupole for collisional  focusing 
and  reduction of the  ion  kinetic  energy  spread [l 171. 

Recently,  Tanner et al. [ 1 18-  1201 described  a  quadrupole  reaction cell they 
have  termed  a d y ~ a ~ i c  reaction cell (DRC)  used  with  a  quadrupole  mass  spec- 
trometer  (Fig. 3.12b). Reactive  gases,  such as NH,,  H,, 0,, and H,O, were 
investigated,  Charge  transfer or proton  transfer  reactions  could  be  used to advan- 

(a) ICP-MS  with hexapole collision-reaction cell similar to 
Micrornass. (b) ICP-MS with dynamic reaction cell as described by Perkin- 

that used  by 
,Elmer Sciex. 
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tage.  Dramatic [l 191 reduction,  up  to  nine  orders of magnitude, of Ar+ and 
molecular  ion  signals  was  observed.  Analyte  ion  sensitivities  could be maintained 
or  increased  while “continuum” background  count  levels  were  decreased to less 
than 1 countfsec.  Iron  detection limits of 0.3  ppt  were  reported. The background 
preventing  lower  detection limits appeared  to  be  iron  in  the  blank  water  supply as 
the background  spectrum  showed  an  isotope  pattern  matching  that of Fe.  Other 
reported  detection limits included 1 ppt As, 1 ppt Ca, 1 ppt K, and  10  ppt Se. 

Several  important  concepts for successful  operation of the dynamic  reaction 
cell were  described [ 1 181. The contribution of the rf field of the quadrupole  to  ion 
energy  must  be  considered  together  with  the  thermodynamics of the  desired  (and 
undesired)  ion-molecule  reactions.  This is because  the rf field  can  impart  kinetic 
energy to the ions  in the cell. Endothermic  reactions  could  proceed at significant 
rates  if  sufficient  ion  energy  were  available for the ion-molecule  reaction. The cell 
pressure  and rf field  must  be  properly  controlled  in  order  to  obtain  an  appropriate 
number of reactive  collisions  in the cell. A balance  between  promotion of desir- 
able  reactions at sufficient  rates  and  unwanted  scattering  losses of analyte  ions or 
loss of ion  transmission  due  to  nearly  complete  thermalization (so that ions no 
longer  have  a  significant  velocity  along  the  beam  axis)  must  be  struck. The 
production of ions from single-step reactions  and  sequences of reactions  must be 
considered. 

Discri~nation against  undesirable  reaction  product  ions is important. The 
q u a ~ p o l e  cell can  be  used  in a bandpass  mode  to  remove the product  ions of 
in te~edia te  reactions  and  thus  intercept the series of sequential  reactions  that 
might  otherwise introduce new spectral interferences. The selection of the  appro- 
priate reaction  gas  and cell operating  conditions  must be assessed,  depending on 
the  analyte  ion of interest and the spectral overlap  ions  to  be  removed. 

uadrupole  mass  spectrometers  were  used in both  the  early  ICP-MS i n s ~ m e n t  
development  research  and  the  first  commercial  instruments. To date, quadrupole- 
based I C P - ~ S   i n s t ~ m e n t s  continue  to  be  predominant,  During the last several 
years, ICP  ion sources  have  been  coupled  with  mass  spectrometers of several 
different  designs,  including  double-sector,  single-sector,  time-of-flight,  ion  trap, 
and  Fourier  transform  ion  cyclotron  resonance. 

The operation of the  quadrupole  mass  spectrometer is only  briefly  described 
here.  Excellent  descriptions  are  available  in  the literature including  an  introduc- 
tion  to  quadrupole  mass  Spectrometers [ 12 1,1221,  analysis of the mathematics 
associated  with  quadrupole [ 1231,  and extensive treatises [ 124,1251. 

The quadrupole  mass  filter (Fig, 3.13a)  passes  ions  with  a  particular  range of 
mass-to-charge  ratios.  Four  precisely  made  rods  are  mounted  with  stringent 
(10-pm) tolerances. Opposin~ pairs of rods are connected to a radio frequency 
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Quadrupole mass  filter: (a) Diagram of quadrupole 
power  supply. (b) Side view of ion trajectories in two planes. 
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power  supply  with a direct  current  (dc)  offset. The voltage  on  one  pair is opposite 
to the  polarity of the  other  pair. The rf voltage  on  one  pair is 180" out of phase  with 
the rf voltage  on the other  pair. 

Although  the  ideal  cross  section of the  rods is hyperbolic, the best  approx- 
imation  using  circular  rods is obtained  when the radius of each  rod, r, is equal to 
1.148 times the radius  from  the center of the four rods to the inside edge of the 
rods, ro [ 1261. 

The operation of the  quadrupole  can  be  understood  by  considering  the 
movement of the  ions  in  the  two  planes  perpendicular  to  their  flight  through  the 
quadrupole.  When  the  potential  on  two  opposite  rods is negative,  positive  ions  are 
attracted  radially  outward  from  the  center of the quadrupole  toward  the  negatively 
biased  rods.  Conversely,  when the potential  on  two  opposite  rods is positive, 
positive  ions  are  repelled from the rods,  effectively  focused  toward the center of 
the  quadrupole. The alternating  current (ac) portion of the  voltage  waveform 
oscillates  with  time.  The  distance  ions  travel  outward from the  center  during the 
portion of the waveform  when the ac  potential of two  opposite  rods is negative 
depends  on  the  mass-to-charge ratio of the ion, the  time the potential  remains 
negative  (inversely  proportional to the ac  frequency),  the  magnitude of the  applied 
ac  potential,  the  location of the  ion relative to the center of the  quadrupole,  and  the 
velocity of the ion.  If  the  masslcharge  ratio of the ion is large  and  the  ac  frequency 
is high,  the  ion  does  not  move far during  each  half-cycle of the  ac  waveform. 
Therefore,  the  heavy  ions  are  most  affected  by the average  (dc)  voltage  applied to 
the rods.  In  contrast,  lighter  ions  are  more  significantly  affected by the  oscillating, 
ac  voltage. 

If the  average  (dc)  voltage  on  the  rods is positive  (as is true for the  rods  in the 
x-z plane,  as  defined  in  Fig.  3.13a),  ions  tend to be repelled  from  the  rods  toward 
the center of  the  quadrupole  on  average. ions that  have a masdcharge ratio  less 
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than  a critical value  are  accelerated far enough  away from the center  of the 
quadrupole  during  a  half-cycle of the ac  voltage to hit  the  rods  and be lost.  Ions 
that  have  a  masslcharge ratio greater  than  a critical value  have  a  stable  path 
through  the  quadrupole. As a  result,  the  rods  in  the x-z plane,  as  defined  in  Fig. 
3.13a,  act  as  a  high-pass  filter. 

Remember that ions with  a  large  mass/charge ratio are affected  more by the 
average (dc) voltage  than by the  rapidly  changing  ac  voltage. If the  average  (dc) 
voltage  on the rods is negative 0-2 plane,  as  defined  in  Fig.  3.13a),  ions  with  a 
masslcharge ratio greater  than  a critical value are attracted to the rods  until  they 
collide with  the  rods  and  are  lost.  Light  ions  follow the rapidly  changing ac 
potential so they are refocused  toward the center of the  quadrupole  during the 
portion of the waveform  when the ac  potential is more  positive  than  the dc 
potential, As a result, the  rods  in the y-z plane,  as  defined in Fig.  3.13a,  act  as 
a  low-pass  filter. 

Only  ions  that  have  a  stable  path in both  the x-z and y-z planes  pass  through 
the  quadrupole. The result is a  bandpass  filter  that  allows  only  ions  with  mass/ 
charge  ratios  within  a  narrow  range  to  pass  through the quadrupole  and  be 
detected. The range of masslchar~e ratio  ions  that  pass  through  the q u a ~ p o l e  
(the  resolution of the  quadrupole)  depends  on  the ratio of the dc to ac amplitude, 
the ac frequency, and the quad~pole radius. 

"he masslcharge  ratio  ions  that  are stable in  both the x-z and y-z planes can 
be described  in  terms of a  stability  diagram  (Fig.  3.13b)  with  variables a and q. As 
shown  in  Fig.  3.13b, a depends on the  magnitude of the dc voltage  and q depends 
on  the  amplitude of the  ac  voltage.  Both a and q also depend  on  the  masslcharge 
ratio of the ion, the  radius of the quadrupole,  and the frequency of the ac  voltage 
applied  to the rods. The masslcharge ratio for ions  that pass through the quadru- 
pole is varied by changing the dc voltage  magnitude  and the ac ampl i~de  while 
maintaining  a constant ratio  (as  shown by the mass  scan line in  Fig.  3.13b). 

Sector inst~ments for ICP-MS  are  commercially  available.  These instru- 
ments  can  provide either high  resolution,  to  overcome  spectral  overlaps  requir- 
ing  a  resolution of about 9000 or less, or high  sensitivity  when  used  in  a  low- 
resolution  mode [ 127,1281.  Because  the  main  source of signal ~ u c ~ a t i o n s  are the 
sample  introduction  system  and  plasma  ion  source  themselves,  simultaneous, 
multicollector  sector  mass  Spectrometers  can  provide  high  precision  ratios,  ap- 
proaching  the  precision of thermal  ionization  mass spectrome~.  Typically,  multi- 
collector  instruments  cannot  provide  resolution  as  high  as  single-detector  sector 
based inst~ments can.  Multicollector  sector  mass  spectrometers  are  discussed  in 
detail  in  Chapter  8.  Recently,  an  instrument  that  consists of a  hexapole  collision- 
reaction cell and  a  single-sector  mass  spectrometer has been  introduced. "he 
collision-reaction cell is used  to  reduce  the  spread of ion kinetic energies so that  an 
electric sector for energy  filtering is unnecessary. 

Time-of-flight (TOF)  ICP-MS instruments are also now commercially 
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available. The main  advantages of TOF-ICP-MS  are  due to the simultaneous 
sampling of ions of all masses. As a  result,  transient  signals for all elements  and 
isotopes  can  be  monitored  with  high  temporal  resolution.  Because  ions  are  ex- 
tracted  and  injected into the TOF-MS  simultaneously,  high-precision  isotope 
ratios  and  analyte/internal  standard  ratios  should  be  attainable.  Ion trap mass 
spectrometers  have  been  used  in  combination  with  a  quadrupole  mass  filter  and 
alone  with  an ICP ion  source [ 129- 1331. Initially  the large ratio of Ar+ to analyte 
ions  in the ICP was  thought  to  make  ion trap mass  spectrometers  impractical 
because of the limited total number of ions  that can be  stored  in the trap.  However, 
the  number of Ar+ ions  observed  in the ion trap is orders of magnitude less, on  a 
relative  basis,  than  in  the ICP itself. 

High-resolution  Fourier  transform  ion  cyclotron  resonance  mass  spectrome- 
ters  have  also  been  used for ICP-MS [ 134,1351.  Quadrupole  mass  spectrometers 
used in alternate stability  regions  to  obtain  higher  resolution  than  typical  have also 
been  used for ICP-MS  [136,137]. 

Several different  detectors  have  been  used  in  ICP-MS inst~ments (Fig.  3.14). A 
range of ion signals  from less than  1  to lo8 iondsec can be produced.  Counting- 
based  detection is typically  used for signals of about lo6 ionslsec or less.  For  larger 
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Figure 14 Detectors: (a) Discrete dynode electron multiplier. (b) Dual-mode discrete 
dynode electron multiplier detector. (c) Channeltron electron multiplier. (d) Faraday collec- 
tor. (f) Daly detector. 
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signals either an  analogue  detection  system  must be used  or  the  ion  transmission  to 
the  detector  can be reduced by defocusing or other  means.  Channeltron  electron 
multipliers, discrete dynode  electron  multipliers,  Daly  detectors,  and  Faraday 
collector detectors  have  been  used. 

Continuous  dynode  electron  multipliers  (such  as the Channeltron)  are  horn- 
shaped  detectors  (Fig. 3.14.b). A high  voltage is applied  between the input  and 
output  ends of the  detector,  When  an  ion  strikes  the  detector,  secondary  electrons 
are  produced.  These  electrons  in  turn strike the  wall of the  detector,  generating 
more  electrons.  Up  to 108 electrons  are  produced  and  collected at a  collector 
electrode at the  output  end of the  detector for each incident ion, depending  on  the 
applied  voltage. 

Discrete  dynode  detectors  (Fig.  3.14a)  are  similar  in  concept  except  that 
there  are  separate  dynodes  rather  than  a  continuous  dynode  surface. The voltage 
applied  to  each  dynode stage can be controlled. A dual-mode  variation of the 
discrete  dynode  detector  (Fig. 3.14~) allows  signals to be  measured  partway  down 
the dynode  chain  (with  analogue  detection for large  signals) or at the end of the 
dynode  (with  pulse-counting  detection for signals of less than  about 106 counts/ 
sec). The two  signals  can  be  monitored  simultaneously.  Furthermore,  the  voltage 
applied to the dynodes  past  the  point of analogue  detection  can  be  turned off to 
prevent  damage  when  signals  are  large. The analogue  gain of the  detector is a 
function of mass  and can. change  over  time.  Therefore, the analogue  signal  must 
occasionally  be  calibrated  relative  to  the  pulse-counting  mode. 

Current  from  a  Faraday cup detector  (Fig.  3.14d) is measured  with  an 
analogue  amplifier. The resulting  analog  output  voltage  can be converted  to  pulses 
by using  a  voltage-to-frequency  converter. The pulses  can  then  be  counted  with 
the  same  electronics  used for ion  counting.  Ion  signals  corresponding to a  mini- 
mum  of about IO4 ionslsec  can be detected. 

A Daly  detector [ 138,1391 (Fig.  3.14e) is also being  used  in  some  instru- 
ments.  Ions strike a  negatively  charged  target  (an  aluminum  surface, for example) 
to produce  secondary  electrons. The electrons  are  accelerated  to  a  thin  metal  film 
held  at  ground  on  top of a  scintillator.  Light is produced  when  the  secondary 
electrons strike a  scintillator. The light is detected by a p~otomultiplier tube. 
Advantages of the  Daly  detector include long  lifetime,  a  wide  linear  dynamic 
range,  and  lack of gain loss after  monitoring  a  very  strong  signal. 

ass  spectra  produced by ICP-MS  consist of elemental ions, polyatomic  ions 
produced  from  plasma  and  solvent  species,  and  polyatomic  ions  produced  from 
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sample  and  solvent  or  plasma  species. The vast  majority of ions  observed  in  ICP- 
MS  are  singly  charged. A few  elements,  such  as  Ba,  that  have a relatively  low 
second  ionization  potential,  are  observed  as +2 ions, but  their  signal is small 
(typically less than 2%) compared to that of the singly  charged  ion.  Several 
elements  (including  Na, P, Al, Sc, Mn, CO, As, U, Nb, Rh,  Ag,  and  Au)  have  only 
one  isotope.  Most  elements  have a few to several  isotopes.  Sn  has l 0  isotopes. 

Spectral Overlaps Due to El~mental Ions 

If the  spectra  consisted  only of elemental ions, every  element  except  In  would 
have  at  least  one isotope that  was free of spectral overlaps  from  other  elemental 
ions (Table 3.2). In  most  cases,  the  isobaric  overlaps  are  easily  predictable.  The 
contribution of the interferent ion  to the signal measured  at the mass of the  analyte 
elemental  ion  can  be  subtracted by measuring the interferent  ion  signal  at a second 
mass. The known  isotopic  distribution of the interferent element can  be  used  to 
deternine the  contribution of the  interferent  ion  at the analyte  ion  mass.  Alter- 
natively, a solution contai~ng only the interferent element  can  be  measured  in 
order to determine  the  interferent  signal at the  analyte  mass  and  at  another  isotope 
of the  interferent  element. 

Spectral Overlaps Due to olecular ions from Plasma and 
Solvent  Species 

Molecular  ions  present a more  complex  problem  in  ICP-MS.  With a combination 
of molecular  ion  interferences  and  isobaric  interferences,  all of the  isotopes of the 
analyte  ion of interest  may  suffer  from a spectral  overlap. The molecular  ion 
signals  can also be strongly  dependent  on  the  sample  composition  and  experimen- 
tal  parameters.  It is often  more  difficult  to  identify  and  correct for molecular  ion 
spectral  overlaps  than for isobaric overlaps.  Because  the  resolution of the  com- 
mercial quad~pole mass  spectrometers is 0.5 dalton or less, isotopic  patterns, 
rather  than  exact  mass,  must be used in an  attempt  to  identify  the  interfering 
molecular  ion. 

The molecular  ion  overlaps  due  to  plasma  and  solvent  species  are  most 
severe below  masslcharge 82, A high-resolution,  double-focusing  mass  spec- 
trometer  was  used  to  identify  molecular  ions  observed  in  ICP-MS  (Table 3.3) [3J. 
Common molecular  ions  that  produce  intense  signals  from  plasma  and  solvent 
species include ArO+, ArOH+, ArH+,  ArN+, Ar;, Ar2H+, O+, N,+, NO+, and 0;. 
Other  molecular  ions  become a problem  at  lower  analyte  concentrations.  These 
include CO;, C02H+, NO;, ArO+ ions  with  minor isotopes of Ar or 0 ,  Arc+, 
ArN;, and  minor  isotopes of Ar as Ar;. 

Ca, Fe, S, Si, P, and Se are  most  severely  affected by spectral overlaps  in 
ICP-MS.  The  main isotope of calcium,  40Ca+ (96.9%), occurs at the  same  mass  as 
the  main isotope of argon, 40Ar+. The second  most  abundant isotope of calcium, 
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Ti3 Elemental  Ion  Isotope  Abundances 

U Element  (abundance, %) U Element  (abundance, %) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

H  (99.985) 
H  (0.015) 

He  (100) 

Li (7.5) 
Li  (92.5) 

Be  (100) 
B (19.9) 
B (80.1) 
C  (98.9) 
C (1.1) 
N (99.6) 
N  (0.4) 
0 (99.8) 
0 (0.04) 
0 (0.2) 
F (100) 
Ne  (90.5) 
Ne  (0.27) 
Ne  (9.25) 
Na (100) 
Mg (78.99) 

(10) 
Mg (11) 
A1 (100) 
Si  (92.23) 
Si  (4.67) 
Si  (3.10) 
P (100) 
S (95.02) 
S (0.75) 
S (4.21) 
Cl (75) 
S (0.02), Ar (0.34) 
Cl  (24.23) 
Ar (0.063) 
K (93.26) 
Ar (99,6), Ca  (96.94), K (0.01) 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 

K (6.73) 
Ca  (0.647) 
Ca  (0.135) 
Ca  (2.086) 
sc (100) 
Ti  (8.01),  Ca  (0.004) 
Ti  (7.33) 
Ti  (73.81),  Ca  (0.187) 
Ti  (5.5) 
Ti (5.4), Cr (4.34), V (0.25) 
v (99.75) 
Cr  (83.79) 
Cr  (9.50) 
Cr  (2.36),  Fe  (5.9) 
Mn (100) 
Fe  (91.72) 
Fe  (2.1 1) 
Fe  (0.28),  Ni  (68.08) 

Ni  (26.22) 
Ni  (1.14) 
Ni  (3.63) 
Cu  (69.17), Ni (0.93) 
Zn  (48.63) 
Cu  (30.83) 
Zn (27.9) 
Zn (4.1) 
Zn (18.8) 
Ga  (60.1) 
Ge  (21.24), Zn (0.62) 
Ga  (39.89) 
Ge  (27.66) 
Ge  (7.72) 
Ge  (35.94),  Se  (0.89) 

Se  (9.36),  Ge  (7.44) 
Se  (7.63) 
Se  (23.77), Kr (0.35) 
Br (50.69) 
Kr (2.25),  Se  (49.61) 

CO (100) 

As (100) 
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U Element  (abundance, %) U Element  (abundance, %) 

81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
1  04 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
3 16 
117 
118 
119 
120 

Br  (43.9) 
Se  (8.7), Kr (11.6) 
Kr (11.5) 
Kr (57),  Sr  (0.56) 
Rb  (72.2) 
Kr (17.3),  Sr  (9.9) 
Rb  (27.8),  Sr  (7) 
Sr  (82.6) 
Y  (100) 
Zr  (51.5) 
Zr  (11.2) 
Zr  (17.2), MO (14.8) 
Nb (100) 
Zr (17.4), MO (9.3) 
MO (15.9) 
Zr (2.8), MO (16.7),  Ru  (5.5) 
MO (9.6) 
MO (24.1), Ru (1.9) 
Ru  (12.7) 
MO (9.5),  Ru  (12.6) 
Ru  (17) 
Ru (31.6), Pd (1) 
Rh (100) 
Ru (18.7), Pd  (11.1) 
Pd  (22.3) 
Pd  (27.3),  Cd  (1.3) 
Ag (51.7) 
Pd  (26.5),  Cd  (0.89) 
Ag (48.2) 
Pd  (11.7),  Cd  (12.5) 
Cd  (12.8) 
Cd (24.1),  Sn  (0.97) 
Cd  (12.2),  In  (4.3) 
Cd  (28.7),  Sn  (0.65) 
In  (95.7),  Sn  (0.36) 
Cd  (7.5),  Sn  (14.5) 
Sn  (7.7) 
Sn  (24.2) 
Sn  (8.6) 
Sn,  (32.6), Te  (0.095) 

121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
15 l 
152 
153 
154 
155 
156 
157 
158 
159 
160 

Sb  (57.4) 
Sn  (4.6),  Te  (2.6) 
Sb  (42.6),  Te  (0.91) 
Sn  (5.8),  Te  (4.8),  Xe  (0.1) 
Te  (7.1) 
Te  (18.9),  Xe  (0.09) 
I(100 
Te  (31.7),  Xe  (1.9) 
Xe  (26.4) 
Te  (33.8),  Xe  (4.1),  Ra  (0.1 1) 
Xe (21.2) 
Xe  (26.9),  Ba  (0.1) 
CS (loo) 
Xe  (10.4),  Ba  (2.4) 
Ba  (6.6) 
Xe (8.9),  Ba  (7.9),  Ce  (0.19) 
Ba  (11.2) 
Ba  (71.7),  La  (0.09),  Ce  (0.25) 
La  (99.9) 
Ce (88.5) 
Pr  (100) 
Ce (ll.l), Nd  (27.1) 
Nd  (12.2) 
Nd  (23.8),  Sm  (3.1) 
Nd  (8.3) 
Nd  (17.2) 
Sm  (15) 
Nd  (SA),  Sm  (11.3) 
Sm  (13.8) 
Nd (5.6),  Sm  (7.4) 
Eu  (47.8) 
Srn (26.7), Yb  (0.13) 
Eu  (52.2) 
Sm  (22.7),  Gd  (2.2) 
Gd  (14.8) 
Gd  (20.5), Dy (0.06) 
Gd  (15.7) 
Gd  (24.8), Dy (0.1) 
Tb (100) 
Gd (21.9), Dy (2.3) 
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U Element  (abundance, %) U Element  (abundance, %) 

161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
371 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 

Dy (18.9) 
Dy (25.5),  Er  (0.14) 
Dy (24.9) 
Dy (28.2), Er  (1.6) 
H0 (100) 
Er  (33.6) 
Er  (23) 
Er  (26.8), Yb (0.13) 
Tm  (100) 
Er  (14.9), Yb (3.1) 
Yb (14.3) 
Yb (21.9) 
Yb (16.1) 
Yb (31.8), Hf (0.16) 
Lu (97.4) 
Yb (12.7), Lu  (2.6), Hf (5.2) 
Hf (18.6) 
Hf (27.3) 
Hf (13.6) 
Hf (35.1), Ta (0.01), W (0.13) 
Ta  (99.99) 
W (26.3) ’ 

W (14.3) 
W (30.7), Os (0.02) 
Re  (37.4) 
W (28.6), Os (l  .6) 
Re  (62.6), Os (1.6) 
o s  (13.3) 
Os (16.1) 
Os (26.4) 
Ir  (37.3),  Pt  (0.01) 
Os (41), Pt  (0.79) 
Ir  (62.7) 
Pt  (32.9) 
Pt  (33.8) 
Pt (25.3), Hg (0.15) 

Pt  (7.2), Hg (10) 
Hg (16.9) 
Hg (23.1) 

AU (100) 

20 1 
202 
203 
204 
205 
206 
207 
208 
209 
210 
21 1 
212 
213 
214 
215 
216 
217 
218 
219 
220 
22 l 
222 
223 
224 
225 
226 
227 
228 
229 
230 
239 
232 
233 
234 
235 
236 
237 
238 
239 
240 

Hg (13.2) 
Hg (29.9) 
Tl  (29.5) 
Hg (6.9),  Pb (l .4) 
T1 (70.5) 
Pb  (24.1) 
Pb  (22.1) 
Pb  (52.4) 
Bi (100) 

Th (100) 

U (0.006) 
U (0.72) 

U (99.3) 
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44Ca+ (2.1 %), suffers  from a spectral  overlap  with CO;. The third  most  abundant 
isotope of calcium, 4Ta+ (0.65%), suffers  from a spectral overlap with ArHi. The 
main  isotope of iron,  56Fe+  (91.7%), is at the same  mass as the intense ArO+ 
signal.  The  next  most  abundant  isotope of iron, s4Fe+ (5.8%), suffers  from a 
spectral  overlap  with ArN+. The third  most  abundant isotope of iron, 57Fe+ 
(2.2%), is at the  same  nominal  mass as ArOH+. Molecular  ions  consisting of Ar, 
0, and  sometimes H cause  some degree of overlap with all of the  isotopes of Cr, 
Fe, Mn,  and CO as well as the most  abundant  isotope of Ni,  as  can  be  seen  in  Table 
3.3. The main isotope of sulfur, 32S+ (95.0%), occurs at the  same  nominal  mass as 
0;. Both  minor  isotopes of S suffer from spectral overlaps  with N or 0 containing 
polyatonic ions. The main isotope of silicon, 2SSi+, is at the same nominal  mass as 
N2+ and  both  minor  isotopes  also  suffer from overlaps  with  molecular ions. 
Phosphorus is monoisotopic at the  same  nominal  mass as NOH+ and 15NO+. The 
two  most  abundant  isotopes of selenium  suffer  from  overlaps  with A r 2 +  ions 
(38A1.40Ar+ and 40Ar2+). 

The choice of acids to use  in  sample  preparation for ICP-MS  can  also  be 
affected  by  potential spectral overlaps.  High  concentrations of chloride ions  in 
solution,  from HC1, for example,  result  in  Cl-containing  molecular  ions  that 
produce  intense signals. Arsenic,  which is monoisotopic  (75  daltons),  suffers  from 
a spectral  overlap  with  ArCl+.  Analysis of V is also severely  affected. The main 
isotope of vanadium, (99.8%), has the same  naminal mass as 3sC1160+. "he 
only  other  isotope of vanadium, 50V+ (0.2%),  suffers  from a spectral  overlap  with 
36Ar14N+ or 3sC115N+.  Manganese,  which is monoisotopic,  suffers  from an inter- 
ference  with  37C1180+. The main  isotope of chromium, s2Cr+, is at the  same  mass 
as ClOH+.  Both Ga isotopes  overlap  with a Cl  containing  molecular ions, All of 
the g e r m ~ u m  isotopes  except  the  minor  isotope  76Ge+  overlap  with a Cl  contain- 
ing  molecular  ion. 

Use of sulfuric  acid also leads to many  spectral  overlaps  with the most 
intense  molecular  ion  signals,  including SO+, SOH+, S; ,  S02H+, and SO2+. 
Elements  including  Ti, V, Ni,  Zn,  and Ge suffer  from  molecular  overlaps as a 
result. Phosphoric acid also leads to  molecular ions, including  POH+, P2+, 
and PO;. 

Spectral  Overlaps Due to  Oxide  and Hydroxide Species 

Monoxide (MO') and  hydroxide (MOH+) ions, where M can be any  one of many 
elements,  are  observed  in  ICP-MS  [140].  Typically the molecular  oxide  or  mo- 
lecular  hydroxide  signals  are  small (<3%) relative  to  the  elemental  ion  signal. 
However,  if  one is trying to measure a small  concentration of one  element  in the 
presence of a high  concentration of a  second  element  that  forms a molecular  oxide 
or hydroxide  ion at the same mass as an  analyte, the problem  can be severe. 
Furthermore, the molecular  ions  may  overlap  with  an  elemental  ion  isotope  that is 
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Table 3 Polyatomic Ions with MassKharge Ratios of 80 or Less 

U P o l y a t o ~ ~  ions 

1 
2 
3 
4 
5 
6 
7 
8 
9 

l0 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

H2 

H3 

CH 
WXI, CH, 
NH 

OH, NH, 
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H202, 1702, 1 8 0 0 ,  lsN180H, 33SH 
H"702, 34SH 
CIH 
36ArH 
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ArH, Na(H,O), Mg170 
&H2, Mg*80 
A10 
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CO,,  N,O, CS, S i0  
CO,H,  N,OH, PN, ,%io, SiOH, Zr2+ 
NO,,  13C0,, 5LiAr, Na,,  92Zr2+ 
CCl, PO, LiAr, NO,H,  "NO,,  S"N,  3OSiOH 
NO(H,O), N0180, N1702, SO, C,,  36ArC,  Mg,, POH 
ClN, C37Cl,  Mg25Mg, N17O2H, NCl, SOH, 36Ar13C,  36ArCH 
38ArC, xMg26Mg, 36ArN, HNCl,  S180, S17OH,  34S150H 
37ClN, ClO, 38Ar13C,  2sMg26Mg,  36ArNH,  S18OH 
ClOH, Ar13C,  38ArN,  36ArO,  26Mg2 
36ArOH, 37C10, 38ArNH, 37C1170H, k13C 

ArNH, 27C1180, NaS, 38ArOH,  ArlSN,  11OCd2+ 
M, 38Ar180, Ar15NH,  37C1180H, CaO, 1I2Cd2+ 
&OH,  3*Ar180H, Ar170, CaOH, Cd2+ 
Ar180, Ar170H, NaC1,  29Si;, Ca180, 116Cd2+ 
MgCl, 42Ca170,  42CaOH 
Na37C1,  25NaC1, MCaO 
MgCl, ScO, MCaOH 
P,,  25Mg37C1, N%O,  46TiO,  MCa180 
ClN,,  PO,,  N&,  26Mg37C1, OCCl, NC37C1, 36ArCNH,  TiO, 36Ar37C1 
HPO,, TiO, 46Ca180, Na,,180, 38ArCN, SiClH, 29SiC1,  37C115NC, S:, SO,, 04, 

37ClN,,  49TiO,  Ba2+,  36ArN,H, S0,H 
ClNOH, ClCOH, 33S2,  34SS,  36ArON,  38ArN2, ArCN, CS,+,  132Ba2+ 
ClO,,  36ArNOH, 37ClN0, SCl, 33S34S,  34S0,H,  36ArNOH,  Ti180, VO,  50Cl70, 

ClO,H,  36ArS,  34S2, 38ArN0, 36ArO,, ArCO, CrO, ArN,,  136Ba2+,  136Ce2+ 
37C102,  36Ar3,SH, 53Cr0,  Ba2+, La2+, 138Ce+,  34H1800,  36ArS,  36ArO,H 
ArNO, Cl,, s7ClO2H,  38Ar02, 38ArN180, CP3S, Na33SN, Cr180, 54FeO,  La,+, 

Ar15N0, HCl,,  36ArC1,  ArP, s4FeOH,  MnO, Pr2+, 142Ce2+,  Nd2+ 
35ClC1, Cll80,H, 36Ar2, 36Ar02, ArS,  38Ar34S, 36Ar36S, 36S2, FeO, MnOH, 

38ArC1,  35CP7C1H, ArSH, Ar33S,  ArO,H, Fe170, FeOH, 146Nd2+, 147Sm2+ 
36Ar38Ar,  37C1,,  38Ar36S,  Ar34S, NiO, 58FeO,  S7FeOH,  148Nd+,  148Sm2+ 
ASCI, 37Cl,H,  36A1-3~ArH,  Ar34SH, COO, 58FeOH, 150Sm2+, 15oNd2+, Eu2+ 
Ar36Ar,  ASH, 6oNi0, Eu2+, Sm2+ 
Ar37CI,  38Ar2H, 61Ni0, l53Eu2+,  154Sm2+ 
38ArAr, 62Ni0, 46TiO0, Gd2+ 
38ArArH, W r ,  47TiO,, Tb2+, Gd2+ 

A ~ N ,   ~ ~ C I O H ,   3 8 ~ ~ 0 ,  36~r180, 37~1170, 3 6 ~ 1 8 0  

K,, 36ArCO,  36ArN2 

134Ba2+,  CS, 

Ce2+,  Pr2+ 

IMNd2f, 144Sm2+ 

Ar,,  TiO,,  62Ni180, 6 2 + ,  160Gd2+,  16ODy2+ 

Source: Refs. 3 and 423. 
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being  used for an  isobaric  interference  correction. The molecular  ion  overlap  in 
this case would  result  in  an  overcorrection for an  isobaric  overlap. 

Among the commonly  observed  spectral  overlap  problems  due to molecular 
oxide  and  molecular  hydroxide ions are those due  to TIO+ (with 5 isotopes of T I  
from  mass 46 to 50) that  result  in  overlaps  with  a  minor isotope of nickel,  (j2Ni+; 
both isotopes of copper, (j3Cu+ and (j5Cu +; and  the  two  major  isotopes of zinc, 

and 66Zn+. Calcium oxide and  hydroxide ions overlap with all five  isotopes 
of nickel,  both  isotopes of zinc,  and  three of the four isotopes of iron. The analysis 
of rare earth elements is particularly  complicated by molecular  oxide  and  hydrox- 
ide ion  spectral  overlaps [ 14 1,1421. 

There are  several  sources of information  that  can  aid  in  identifying  potential 
spectral overlaps.  Instrument  manufacturers  typically  include  spectral  overlap 
information  in  the  instrument  software.  An  atlas of elemental ion  spectra  as  well  as 
many  of the molecular  ions is available  in  a  very  convenient  software  package, 
MS Interview, that  was publis~ed in ~p~ct~ochimica Acta ~ l e c t ~ o n i ~ a  and is 
available  in  the  Program  Library at http://www.elsevier.nl~80/inc~omepage/sa~ 
sab  (download  file  47/1621/92 for the Apple  MacIntosh  version,  file  48/1063/93 
for the PC version). This program  also  allows  users  to  add  additional  ions to the 
spectral  database. 

~nfo~unate ly ,  the severity of the  molecular  ion  overlaps  can be more  dif- 
ficult  to  predict  because  the  molecular  ion  signal  magnitude  can  be  very  dependent 
on  the  sample  composition  (including  solvent  and  acid), the extent of solvent 
loading,  and inst~ment  parameters.  Drift  in the polyatonic ion  signals is often 
more  severe  than for elemental ions. 

educing the Severity of ~ o l e ~ u l a r  Ion Spectral ~ver laps 

There are several ways to reduce the signals due to molecular ions in I C P - ~ ~ .  
Oxide  and  hydroxide  molecular  ion  signals  can  be  reduced by greatly  decreasing 
the  amount of water  that  enters  the ICP or by using  mixed  gas  plasmas. “Cold7’ or 
 COO^" plasma  conditions  can be used  but  with  some  potentially  severe  trade-offs 
including  chemical  matrix  effects  and  loss of sensitivity for analyte  ions  with  high 
ionization  energies.  Recently,  reaction cells to  remove  the  polyatomic  ions  that 
cause  spectral  overlaps by reaction  with  a  reagent  gas  in  a  several-torr cell be- 
tween the skimmer  and  mass  spectrometer  have  been  described.  Alternatively, 
high-resolution instrum~nts can be used to separate  many of the molecular  ion 
signals  from  elemental  ion  signals. 

~ i ~ e ~  Gas PZasmas. Water  loading  can  be  reduced  by  a  desolvation 
system  (condenser or membrane  separator)  only if the vast  majority of the  water 
can  be  removed.  One  way  to  eliminate the introduction of water into the  plasma 
during  measurement of the  analyte  signals is with  electrothermal  vaporization, 
laser  ablation,  or  other  direct  solid  sampling  techniques.  Mixed gas plasmas, 
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particularly  the  addition of 5% or less N, to the  plasma,  can  also  reduce  the 
molecular  ion  signals. A combination of reduced  water  loading  and  use of a mixed 
gas plasma  can  be  particularly  effective [ 1431. The addition of  CH,,  CHF,,  and 
C,H, has  also  been  reported  to  reduce  the ArCl+, Ar2+, ArO+, ClO+, and MO+ ion 
signals  dramatically [ 144,1451. 

Cool or Cold  Plasma.  COO^^^ or “cold” plasma  conditions  can be used to 
reduce  the  magnitude of the Ar containing  molecular  ions  whereas  the  sensitivities 
for many  elements  with  ionization  potentials less than  6  eV  are  not  significantly 
affected [ 10,1461.  By  using  low  powers  (600 W) and  high  nebulizer  gas  flow  rates 
(1.0 L/min or greater)  signals  due to several  ions  that  are  dominant  under  normal 
plasma  conditions  (Fig. 3.1%) can  be  reduced. The Ar+ signal can be reduced by 
six  orders of magnitude  or  more, ArH+ can be reduced by four orders of magni- 
tude,  and ArO+ can be reduced by three  orders of magnitude  or  more [ 1471.  As a 
result,  detection limits for K, Ca, and  Fe  can  be  dramatically  improved.  The 
signals  from  other ions, including H30+, NO+, and 02+, increase dramatically,  to 
become  the  dominant  ions  in  the  mass  spectrum, as shown  in  Fig.  3.15b. To attain 
“cold” plasma  conditions  that  are  analytically  useful,  the  plasma  potential  must 
be  low  enough to prevent  discharge  formation.  This  can be done either by using  an 
instrument  with a balanced  or  interlaced  load coil or by using a grounded  electrical 
shield  between  the  load coil and the torch to reduce capacitive rf coupling. 

Use of “cold” plasma  conditions is not  recommended for elements  with 
high  ionization  potentials,  elements  that  form  refractive  oxides,  or  samples  with 
total dissolved  solid  concentrations  greater  than  about 50 ppm,  Sensitivities for 
elements  with  ionization  potentials  between  6  and 8 eV  are  up to 100  times  lower 
under “cold” plasma  conditions  than  under  normal  plasma  conditions,  and  ele- 
ments  with  ionization  energies  greater  than 8 eV  exhibit  sensitivities  that  are 
several  orders of magnitude  lower  under “cold” plasma  conditions.  Analyte 
oxides  are  much  more  readily  formed  under “cold” plasma  conditions.  For 
example,  the  formation of scandium  oxide  results in a Sc+ ion  signal  that is several 
orders of magnitude  lower  under “cold” plasma  conditions  than  under  normal 
conditions [ 1471, In  some  cases it is possible  to  attain  better  detection limits for the 
analyte  oxide  ion, MO+, than  by  measuring  the  elemental  analyte  ion, M+. Finally, 
chemical  matrix  effects  that  originate  in  the ICP, and  are  therefore  similar for light 
and  heavy  mass  analytes,  are severe under “cold” plasma  conditions.  Changes  in 
the  extent of ionization  due to the  addition of efficiently  ionized  elements  occur 
because  the  plasma  temperature  and  electron  number  density are much  lower  than 
under  normal  plasma  conditions.  Under “cold” conditions  the  addition of large 
concentrations of efficiently  ionized  elements  affects the electron number  density 
in  the  plasma  and  results  in  significant  decreases  in  the  number of analyte  ions 
produced.  As a result, “cold” plasma  conditions  are  useful  mainly for very  clean 
smples, such as acids  used  in  the  semiconductor  industry. 
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15 ICP-MS  background  spectra  (plotted  on  a log~thmic scale)  for  a  sample 
containing 0.1% nitric  acid:  (a)  Conventional  plasma  conditions (l000 W, 0.77 L/min 
nebulizer  gas flow rate).  The h+ and O+ signals  are  saturating  the  detector, so their  signals 
are  greater than 2 X 109 countslsec. (b) “Cold”  plasma  conditions (600 W, 1.08 L/min 
nebulizer  gas flow rate). Note  that full  scale  in  (a)  is 1010 whereas  in  (b)  it  is lo8. (From 
Ref.  14’7.) 

Coll is ion-~e~ct ion Cells. Perhaps the most exciting development regarding 
molecular ion removal in ICP-MS is the  use of collision or reaction cells, intro- 
duced in Sec. 3.1.5. These rf-only quadrupole, hexapole, or octapole cells, typ- 
ically operated at pressures around 10 mtorr, can provide two benefits: The 
collision cell can be  used  to reduce the ion kinetic energy  and  to focus ions toward 
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the center axis through  collisions  with  a  low-molecular-weight  neutral  gas [l 171. 
Second,  efficient  chemical  reactions  that reduce or nearly  eliminate  reactive 
polyatomic  ions  can be attained.  Attempts to use  collisions,  without  reaction,  to 
fragment  polyatomic  ions in ICP-MS  are of limited value  because the scattering 
cross section is typically  larger  than the fragmentation cross section [ 1 1 l]. There- 
fore, losses of analyte  ions  due to scattering are large  compared to the  additional 
fragmentation of polyatomic  ions. 

Results  from initial ion trap ICP-MS  experiments  indicated  that  signals due 
to argon  ions  and  many  polyatomic  ions  were  much  smaller  than  expected [ 1331. 
Reactions  between k+ and H, result  in  formation of low-mass ions such  as H+ 
and H3+ and Ar atoms  [148,149].  Ar-containing  polyatomic ions, such  as k O + ,  
ArOH+, k C l + ,   h , + ,  and Arc+, can  also be removed by reaction  with H, or  water 
vapor  in  a  reaction cell [ 1  15,148,1491.  Other gases, such  as  oxygen,  may  be  useful 
reagents  to  remove other molecular  ions. 

Reaction  cells  appear to be a  much  better  way  to reduce signals due to Ar- 
containing  molecular  ions  and k+ itself  than the use of “cold” plasma  condi- 
tions.  Because  normal  plasma  conditions  are  used,  elements  with  high  ionization 
energies,  such  as Se and  As, do not  suffer from sensitivity losses, unlike “cold” 
plasma  conditions. The severe  chemical  matrix effects that are typical of “cold” 
plasma  conditions  are  prevented. The first  commercial  ICP-MS  instrument to use 
this  concept  was  introduced  by  Micromass UK Ltd.  However,  as  noted,  reaction 
product  ions  must be controlled or removed to prevent other (new)  spectral 
overlaps. 

a t ~ e ~ a t i c a ~  Correction for Spectral Overlaps 

Mathematical  correction  procedures  can be used to remove the contribution of a 
spectral overlap  from  a  measured signal. However, if the signal due to the spectral 
overlap is much  larger  than the analyte signal, the signal-to-noise ratio of the 
corrected signal may be poor.  Furthermore, it may  not be easy to predict  and 
account for quantitatively all of the potential  sources of spectral overlap,  partic- 
ularly  those  due  to  polyatomic ions. For isobaric overlaps  (Table  3.2), for which 
the  relative  isotopic  abundances  are  predictable,  mathematical  corrections are 
straightforward.  Instrument  software  often  has  built-in  correction  equations for 
this  case. 

Contributions from molecular  ions are typically  more  difficult to correct 
quantitatively  because there may  be  many  molecular  ions  important  over  a  short 
mass  range;  the  molecular  ion  intensity  varies,  depending  on  the  sample  matrix; 
and the intensities may  vary  over time more  dramatically  than  elemental  ion 
signals.  Multivariant  methods  including multiple linear  regression [ 150,15 l], 
principal  component  analysis [ 1521,  and  multicomponent  analysis [ l531 have 
been  used.  Improvements  in  detection limits by  up to two  orders oE magnitude 
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have  been  obtained for elements  that  suffer  from  extensive  molecular  ion  spectral 
overlaps [ 1531. 

The multico~ponent spectral  fitting  approach  has  been  the  most  successful 
for a broad  range of sample  types [ 153,1541. A linear  combination of spectra of all 
of the individual  components  (elemental  ions  and  polyatomic  ions) is optimized 
for best  fit  of  the  experimental  spectrum. “Model” spectra  are  determined  from 
the  natural  abundances of the  elements  and  polyatomic “model” spectra  are 
calculated  from  the  isotopic  abundances of the  individual  element  isotopes.  There- 
fore, experimental “model” spectra  are  not  required. 

Several  problems  can  be  encountered  with  multicomponent spectral fitting. 
If the signal is too large to be measured  directly at some  masses,  those  masses  must 
not  be  included.  An initial mass  scan  can  be  used  to  identify  regions of the 
spectrum that should be skipped [ 1531. The initial mass  scan  might also be used to 
determine  whether  certain  molecular  ions  can  be  excluded  from  the  model  be- 
cause  they are at  insignificantly  low  levels.  If  there  are  more  individual  compo- 
nents  in a segment of the spectrum  than  masses,  there  are  more  variables  than 
unknowns  and a unique  solution to multicomponent  fitting is not  found.  This  can 
be  dealt  with by establishing  relationships  between  components  and  constraining 
the  signals  due  to  certain  ions  in  order  to  have  at  least  as  many  equations  as 
unknowns  (independent  variables).  Ions  such  as  oxides  and  hydroxides  containing 
a c o ~ m o n  element (e.g., CaO+ and CaOH+) should  maintain a relatively  constant 
relationship  [154]. Blank spectra  can  be  used  to  establish limits for ArN+ com- 
pared  to  the  signal  at  mass 54, ArO+ compared  to  the  signal  at  mass 56, and 
ArOH+ compared  to  the  signal  at  mass 57. A lower limit for Kr in  relation  to  the 
signal  at  mass  84  and a value for the “continuum” background  (measured at mass 
220)  can  also  be set from  the  blank  spectrum.  Mass  bias  must be determined  and 
included.  Experimental  spectra form Ca and sulfate standard  solutions  can  be  used 
to  establish  limits for the CaO+-to-CaOH+ ratio  and the ratios for S species [S,+/ 
SO,+, SO,H+/(S,+ + SO2+), and S03+/(S2+ + SO2+)] [154]. An Excel based 
spreadsheet  template is available for download  from a S ~ e c t r o c ~ i ~ i c ~  Acta 
~ lec t ro~ ica  article by DeBoer [ 1541 at http://www.elsevier.nl:8O/inc~omepa~e/ 
saalsabl  (download  file 520389197). 

Many  experimental  parameters  and  components  affect  sensitivity,  including  the 
analyte  transport  efficiency of the  sample  introduction  system  and the mean size 
and size distribution of the  aerosol  entering  the IC€? The  plasma  torch  design, rf 
generator,  load coil, interface  between  the  atmospheric  pressure ICP and  mass 
spectrometer,  ion  optics,  mass  spectrometer itself, and  detector  also  affect  sensi- 
tivity. 
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Center (~ebulizer) Gas Flow  Rate, Applied Power,  and 
~ a m p l i ~ ~  Depth 

For  a  particular  instrument  the  most  influential  experimental  parameters  are  the 
applied ICP power,  the  nebulizer  (center)  gas  flow  rate,  and  the  sampling  depth 
(typically  described  as  the  distance  from  the  sampling  orifice to the  end of the  load 
coil) [155, 1561. For  a  particular  sampling  depth  and  power, the signal  magnitude 
is highly  dependent  on  the  nebulizer  gas flow rate, as  shown  in  Fig.  3.16.  There- 
fore, the  nebulizer  gas  must  be  very  precisely  controlled,  typically  using  a  mass 
flow  controller. If the  applied  power is increased,  a  higher  nebulizer  gas  flow  rate 
is required to obtain the maximum  signal,  as  seen  in Fig. 3.16, 

To a  first  approximation,  this  behavior  can be understood by considering  the 
processes  that  a  drop of sample  undergoes  in  the ICP (Fig.  3.2)  and the main 
effects of a  change  in  nebulizer  gas  flow  rate on the  plasma.  After  the  sample 
aerosol  exits  the  center  tube of the  torch, it travels  a  short  distance (2 to 10 m) 
before it enters  the  plasma's  center  channel.  As  the  nebulizer  gas  flow  rate is 
increased, the location  where  the  plasma  begins  (and  the  temperature  increases 
rapidly)  in the center of the  plasma  moves  downstream  (Fig.  3.17).  Therefore, for 
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Effect of nebulizer gas flow rate and power  on Na+, Ti+, W+, and Bi+ ICP-MS 
signals. (From Ref. 156.) 
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1'7 The  eEect of center (nebuli~er) gas  flow  rate  plasma  temperature  and  gas 
velocity  profiles.  Calculations  were  performed by using a simulation  program,  HiFI  2.0. 
(From  Ref.  424.) 

a  fixed  sampling  depth,  an  increase in nebulizer  gas  flow  rate  decreases the 
distance  in  the  plasma  that  the sample travels  before  reaching  the  sampling  orifice. 
~urthermore, for pneumatic  nebulizers  and  conventional  spray  chambers  without 
desolvation, the aerosol  and  water  vapor  transport into the plasma  increases  with 
increasing  nebulizer  gas  flow  rate.  This  tends  to cool the plasma  and  delay 
completion of vaporization  and  ionization. 

A certain  amount of time is required to desolvate,  vaporize,  atomize,  and 
ionize a  drop of sample. If the ions are sampled  too early, vaporization  and 
ionization of the  sample  may not be complete, F ~ h e ~ o r e ,  a s i ~ n i ~ c a n t  number 
of incompletely  desolvated  droplets  may  survive  to  the  sampling orifice [ 1571. 
Even  a  small  number of incompletely  desolvated  droplets  can  affect  signals 
sig~ficantly because  each droplet can cool a  1- to 12-m-wide region of the 
plasma [ l  581, After  the  sample is completely  vaporized  and  converted into ions, 
the  ions  diffuse  outward  in  the  plasma,  reducing  the  number of ions that enter the 
mass  spectrometer  [159,160]. The optimal  sampling  location  depends  on  a  trade 
off  between  a  distance far enough so that  most of the  sample  aerosol  has  been 
converted into ions and  a  distance  not so far that  diffusion  reduces  the  number of 
ions  sampled by the mass  spectrometer. 

If  the  plasma  power is increased,  the  location  where  the  plasma  begins 
along  the  center axis moves  upstream  (closer  to the injector tube of the torch)  and 
the  plasma  temperature  increases.  Therefore,  if  the  nebulizer  gas  flow  rate  were 
optimized at a  power of 1.0 kW  and the power  were  increased  to 1.2 kW, ions 
would  be  produced farther from  the  sampling  orifice. There would  be  more 
extensive diffusion of the  ions  before  they  reached the sampling  ori 
be overcome by either moving the sampling  orifice  closer to the  load  coil or 
increasing the nebulizer  gas  flow  rate. 
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The optimal  nebulizer  gas  flow  rate for a  particular  power  also  depends  on 
the sampling  depth.  At  a  power of 1.1 kW and  a  sampling  depth of 15 mm, a 
nebulizer  gas  flow  rate of 1.05  L/min  produces the peak Li+ signal. At a  sampling 
depth of 10 mm, the  optimal  nebulizer  gas  flow rate is 0.90 L/min.  At  a  sampling 
depth of 5 mm,  the  optimal  nebulizer  gas  flow  rate is 0.85 L/min.  Again,  this  can 
be understood  from  the  processes  described  in  Fig.  3.2  and  the  effect of changes in 
nebulizer  gas  flow  rate  on  the  plasma  temperature  profile  shown  in  Fig.  3.17.  As 
the sampling  depth is increased,  the  optimal  nebulizer  gas  flow  rate  increases. The 
optimal  signal  should  occur  when  the  majority of the sample  has  been  converted 
into ions  but  the  ions  have  not  diffused  significantly  out of the  center of the 
plasma.  When  ions  are  sampled farther from  the  load coil, a  higher  nebulizer  gas 
flow  rate is needed so that the initial hot  region of the plasma in the ICP center 
is moved farther away  from  the  load coil as  well,  as  shown  in  Fig.  3.18. The 
“mountain,’  behavior of the  signals  as  a  function of nebulizer  gas  flow  rate  and 
sampling  depth is also likely  affected by variations  in  ion  energy  and  ion transmis- 
sion  efficiency. 

Under  normal  plasma  and  sampling  conditions, the elemental  ion is domi- 
nant  compared to doubly  charged  ions  or the molecular oxide or  molecular 
hydroxide ions. Barium  has  an  unusually  low  second  ionization  potential (10 eV). 
Under  conditions  in  which  the  plasma  temperature  near  the  sampling  orifice is 
hot  (well  after  the  sample  aerosol  has  been  completely  vaporized  and  ionized), 
Ba2+ signals  are  significant,  Therefore, the Ba2+ signals  are  maximum  at  a  lower 
nebulizer gas flow rate than  that of Ba+ (Fig.  3.19).  Doubly  charged  ions  may 
also be created if there is a  discharge  between the plasma  and  the  mass  spectrome- 
ter, or in  the  interface  region.  Molecular  oxide  signals  are  high  when  plasma 
conditions  are  colder.  Near  incompletely  desolvated  droplets  molecular oxide ion 
signals  are  high  and  elemental  ion  signals  are  low [ 1601. As a  result, BaO+ and 
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BaOH” signals  reach a maximum at higher  nebulizer  gas  flow  rates  than  does the 
Ba+ signal  (Fig.  3.19). 

Most  sample  introduction  systems  produce a wide  range of aerosol  drop 
sizes, so although  small  droplets  vaporize  early  in the plasma,  larger  droplets 
survive  much  farther  toward  the  sampling  orifice. Two different  approaches  have 
been  reported to separate  the  elemental  ion “mountain”  from the  molecular  oxide 
ion “mountain” further:  French et al. used a monodisperse  dried  microparticulate 
injector ( M ~ ~ I )  to  introduce  monodisperse  droplets  into the ICP [161].  All of 
the  aerosol  droplets  complete  vaporization at a similar  point  in  the  plasma  and  are 
then  quickly  atomized  and  ionized.  Atoms  survive  only a very  short time and  only 
50 psec is required  from the first  appearance of atoms  until  ionization is complete 
[ 1601. Clemons et al.  used a hot  graphite  torch  injector [ 1621. They  observed a 
larger  than  typical  difference in nebulizer  gas  flow  rate  between  the  peak  in 
elemental  ion  signal  and  molecular  oxide  signal.  Furthermore,  the rise in  the 
molecular  oxide  signal  was  much  steeper.  They  visually  observed a smaller  region 
over  which  atom  emission  was  observed,  similar to that  indicated  in  reports  using 
the M ~ M I .  It  also  appeared  that the ions  did  not  expand as much as with a ceramic 
or quartz  injector so that  signals  sampled farther downstream of the  point of initial 
emission  did  not fall off as rapidly. 

Ion Lens  Voltages 

Analyte ions of different  mass  travel  through  the  skimmer  at  about  the  same 
velocity  because  the  gas is neutral  overall so gas  flow is determined  predominantly 
by the neutral  Ar  atoms.  As a result, the ion kinetic  energy  increases  with in- 
creasing mass over a range  from  about  3.3 to 7.3  eV  [97,98]. The focusing of ion 
lenses is dependent  on  ion kinetic energy.  Therefore,  the  optimal lens voltages 
are  mass-dependent. 
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A variety of ion lens configurations continue to be developed  and  used, so the 
exact  dependence of ion lens voltages is a function  on the particular  configuration 
used.  However,  the  optimal  lens  voltages  are a function of mass,  as  shown for a 
Bessel boxkiinzel lens combination  in  Fig.  3.20a,b E1061 and for a single  lens 
behind a grounded stop [ 1631 in  Fig. 3.20~. Therefore, relative analyte  ion  signals 
depend  on  the lens voltages. 

Detection limits at or  below 1 ppt (l p g / d )  are  routinely  attainable for many 
elements by  ICP-MS  as  long  as  sources  of conta~nation and  reagent  purity  are 
carefully  controlled.  Detection limits as  low  as 10 ppq (10 fglml) are attainab 
some  cases. A linear  dynamic  range of up  to 108 can  be  provided by ICP- 
Short-term  precision  (relative  standard  deviation) of 1 % to 3% is typical for clean 
samples.  Long-term  precision  (relative  standard  deviation) of 5% or  better  over 8 
hours is common for clean  samples. Spectral overlaps,  discussed  previously,  can 
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be a problem.  For  analyte  elements  with  masses less than  about 40 U, chemical 
matrix  effects are noticeable for concentrations of concomitant  species  as  low  as 
50 ppm. The signal  suppression  can  be  severe  (more  than  an order of magnitude) if 
the  sample  contains  high (1000 ppm)  concentrations of heavy  elements. 

Detection Limits 

When  using a pneumatic  nebulizer,  an  unheated  spray  chamber,  and a quadrupole 
mass  spectrometer,  ICP-MS  detection  limits  are l part  per  trillion or less for 40 to 
60 elements  (Table 3.4) in  "clean"  solutions.  Detection limits in the parts  per 
quadrillion  range  can  be  obtained for many  elements  with  higher-efficiency 
sample  introduction  systems  andlor a magnetic  sector  mass  spectrometer  used  in 
low-resolution  mode.  Blank levels, spectral  overlaps,  and  control of sample  con- 
tamination  during  preparation,  storage,  and  analysis  often  prohibit  attainment of 
the  ultimate  detection  limits. 

Attainable  detection  limits  depend on the  amount of analyte  that enters the 
ICP per  second,  the  efficiency of aerosol  conversion into analyte ions in the ICP, 
and  the  transmission  efficiency of ions  from the plasma  to  the  MS  detector. 'The 
detection  limits  also  depend on the variation of the  background  and  the  integration 
time.  Typical  pneumatic  nebulizerlspray  chamber  systems  operated at sample 
uptake  rates  from 0.1 to 2.0 mL/min  introduce  an  amount of analyte  equivalent to 
that  in 10 to 30 pL/min of sample  solution into the ICP.  At a sample  uptake rate of 
1 mL/min,  only 1% to 2% of the  analyte enters the  plasma;  most of the sample is 
lost  in  the  spray  chamber  and exits through  the  drain.  Concentration  based 
detection limits can  be  improved by approximately a factor of 10 by using a high- 

Typical Detection Limits Using  a Quadrupole Inductively 
Coupled Plasma  Mass Spectrometer (ICP-MS)a 

Less than 1 ppt Less than 5 ppt  Less  than 50 ppt 

Ag Eu  Mg Re Th Be Mn Ca 
A1 Gd  MO  Rh  TI  Cd  Ni K 
Au Hf Nb Sb Tm CO Rb Se 
Ba Ho Nd Sm U Cu Sn 
Bi In Pb Sr Y Ga Te 
Ce Ir Pr Ta Yb Ge V 
CS La Pt Tb W Hg Zn 
Dy  Lu Os Tc Zr Li 
Er 

"Parts per trillion  (ppt), picograms per milliliter ( p g / d ) .  
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efficiency  sample  introduction  system  such  as  an  ultrasonic  nebulizer  with  a 
desolvation  system [ 164,1651. The  ICP is an  efficient  ionization  source.  Elements 
with  ionization  potentials less than  about 8 eV are over  90%  ionized  in  the ICP 
under  normal  operating  conditions,  Elements  with  higher  ionization  energies, 
such  as As and Se, are  typically  20%  to 50% ionized  in  the ICP. Elements  such 
as C, Cl, Br, F, S exist  mainly  as  atoms  rather  than  ions  in the ICP so their  ICP-MS 
sensitivities  are  much  lower  than  those of more  efficiently  ionized  elements.  For 
quadrupole ICP mass  spectrometers  typically  only  1  in  about l o 5  ions  produced  in 
the ICP reaches the MS detector.  For  sector-based i n s ~ m e n t s ,  used  in  a  low- 
resolution  mode,  1 in l o 3  ions  produced  in the ICP may  reach the MS detector. 

The transport of ions  from the ICP to the MS detector  depends  on  travel 
through  three  different  regions:  from the ICP through  the  sampler  and  skimmer, 
from the s k i m e r  to the mass  spectrometer,  and  through  the  mass  spectrometer 
itself to the  detector. As discussed, to a  first  approximation, the flow  through  the 
sampler  and  skimmer  orifice is dominated  by  neutral  gas  flow. The  gas flow 
through  the  skimmer  depends  linearly  on the area of sampling  orifice  and the area 
of the skimmer  orifice,  and  inversely  on  the  square of the distance  from  the 
sampler  orifice  to the skimmer  orifice  [92]. As long  as  the  skimmer is upstream of 
the  Mach  disk,  the  gas  flow  through  the  skimmer  should  not be dependent  on  the 
interface  pumping  speed  because  the  expanding  gas  and  shock  structures  prevent 
background  gas  from  entering. 

When  sector-based  mass  spectrometers are used  in  a  low-resolution  mode 
the sensitivity  can be higher  than  attainable  with  current  quadrupole  mass  spec- 
trometers.  Random  background  count  rates  are  also  typically  lower for sector- 
based  mass  spectrometers. As a result, detection  limits  are  one to two  orders of 
magnitude  better  than for typical  quadrupole  ICP-MS  instruments. 

Particularly for low-mass  analytes,  sector-based  mass  spectrometers  used  in 
a  high-resolution  mode  can  reduce  spectral  overlaps  due  to  polyatomic ions, 
thereby  improving  detection limits compared  to  those of quadrupole  mass  spec- 
trometers.  However,  ion t rans~ssion efficiency  decreases  significantly  as the 
resolution is increased.  For  example,  increasing  the  resolution  provided by the 
sector  mass  spectrometer  from 300 to 3000 reduces  the  ion  transmission  efficiency 
by  about a factor of 14 [127].  Further  increasing  the  resolution to 7500 results in 
another  order of magnitude loss in  ion  transmission  efficiency [ 1271. The use of 
reaction cells may  provide  an  alternative or  complement^ means  to  reduce 
background due to polyatomic  ions. 

Generally,  dissolved  solid  concentrations  should  be  kept  below  0.2% for 
ICP-MS.  Higher  dissolved  solid  concentrations  can  lead  to  deposition of sample 

and  skimmer  orifices,  partial  orifice  plugging,  or  deposition of 
material  on  ion  lenses  that  degrade  sensitivity  and  medium-term to long-term 
precision.  Furthermore,  relatively  small  concentrations of a  heavy element  (100 
ppm or greater) in a  sample  can cause a  decrease in analyte  sensitivity,  particularly 



118 Olesik 

for light  analyte  ions. As a result,  detection limits for light  elements  in a sample 
containing  high  concentrations of heavy  elements  are  degraded  significantly, 

~ ~ ~ s ~ e c t r a i  Chemical Matrix Effects 

Changes  in  sensitivity (sign~concentration) can  occur  in  ICP-MS,  depending  on 
the identity  and  concentration of elements  in  the  sample  solution  and  the  solvent. 
Chemical  matrix effects can be due  to  changes  in  the  analyte  transport  efficiency 
from the nebulizer into the plasma or modification of ion  generation  in  the  plasma. 
The severity of this  matrix  effect  depends  on  the  concentration of matrix  ions 
generated in the  ICP, not the mat~x"to-analyte ratio. Wenever the matrix ion 
current  becomes  significant  compared  to other ion  currents,  matrix  effects  are 
observed [144]. Therefore,  sample  introduction  systems  that  increase  the  sample 
transport  rate into the ICP suffer  from  chemical  matrix effects at lower  dissolved 
solid  concentrations  in  the  sample. 

~ a t r i x  Eflects Originating  in  the Sa~p le   In t roduc t i~n  System. Solid stun- 
ples  are  often  dissolved by using  acids.  Variations in the  concentration  and  type of 
acids  used  can  result  in  both  transient  (over  several  minutes) [l471 and  steady- 
state changes [ 168,1491 in  analyte  sensitivity due mainly to processes  that  occur  in 
the  spray  chamber.  Fortunately, the acid-dependent  changes  in  analyte  transport 
efficiency  are  typically  less  than 20% unless  the  variations  in  acid  concentration 

ver,  significant  changes  in  sensitivity  can  occur as small initial 
are  added [ 1701. Furthermore,  the  severity of the  acid  effects  can 

be dependent on the nebulizer  gas flow rate. Large v ~ a t i o n s  in  iss solved solid 
concentrati~ns can also cause  changes  in the analyte  transport  efficiency. 

~ u t r i x   ~ f l e c t s  Originating  in the ~ l a s ~ u .  The number of ions  generated 
in  the ICP per  part  per  billion in the  sample  can also vary,  depending  on  the  con- 
centration of efficiently  ionized  elements in the  sample.  Most  elements  are  effi- 
ciently  ionized  in the ICP, so high concen~ations of most  elements  in  the  sample 
cause a decrease  in the number of analyte ions produced  in the ICP [ 160,17 1,1721. 
The  total  dissolved  solid  concentration for solutions to be analyzed by  ICP-MS is 
generally  kept  below 0.2%. Typically the ~atrix-depende~t change in 
of ions  generated  in the ICP is less severe than  about a 30% decreas 
the severity of the ma~~-dependent  change  in  signal  depends critical 
experimental  variables  including  plasma  power,  nebulizer  gas  flow  rate,  and 
sampling  depth.  For  matrix  effects  that  originate  in  the  plasma itself, there is little 
if  any  dependence  on the analyte  or conco~tant  element  mass [173], in contrast to 
changes  in  the  transmission  efficiency of ions from  the  plasma  to  the M 

~ ~ t r i x - I n d ~ c e ~   C ~ a n g e s  in  the ~ r u n s ~ i s s ~ o n  of Ions from the I n ~ ~ c t i v e l ~  
~ ~ ~ p l e ~  ~ l a s m a  to the  ss Spe~tro~eter  ~ e t e c t o ~  The most  severe chemi~al 
matrix efTects in IC~-MS are  due to changes in the  transmission  efficiency of ions 
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from the ICP to the MS  detector.  Decreases  in  sensitivity  up  to a factor of 10 have 
been  reported for 0.04 M matrix  element [ 1741, 

If the  concentration of dissolved  solids is sufficiently  high,  sample  material 
is deposited  on  the  sampler andor skimmer  cones.  In  an  extreme  case  this  can 
cause  partial  blocking of the  orifice(s).  Although there has  been little investigation 
reported [ 175,1761,  the  severity of deposition  and  blocking  appears to be depen- 
dent  on the sample  chemistry.  High  concentrations of  A1 seem to  cause  more 
severe deposition  and  blocking  than  those of most other elements.  Calcium 
deposition  and  blocking  also  tend  to  cause  more  problems  than  those of many 
other  elements,  although  less severe than A1 problems.  Deposition of sample  on 
ion lenses can  affect the fields  produced  by  the  lenses.  This  can  result  in a change 
in  ion  focusing  and  therefore  ion  transmission.  Changes  in  sensitivity  due to 
deposition or partial  blocking  occur  slowly  and  normally  irreversibly. The orifices 
andor ion optics typically  need to be  cleaned in order to eliminate the loss of 
sensitivity. 

Models [ 105,1771  and  experimental  measurements  [178-  1801  suggest  that 
the  most  severe  chemical  matrix  effects  are  due to space  charge  induced  decreases 
in the  ion  transmission  efficiency fkom the  plasma to the  detector of the  mass 
spectrometer.  Unlike the deposition  effects,  these  depend  only  on the composition 
of  the  sample  being  introduced into the  plasma,  not  on  previously  run  samples. 

Sample matri~-induced changes in analyte  transmission  efficiency  are  most 
severe for light  analyte  ions  when  high  concentrations of heavy  ions  are  present  in 
the sample  (Fig.  3.21) [741. For  example, 0.0042 M U+ caused  more  than an 80% 
decrease  in  the 7Li+ signal, about a 50% decease  in  the 13sBa+ signal,  and  only a 
30%  decrease  in  the 232Th+ signal.  Matrix  elements  with  ionization  energies 
greater  than 8 e\/ (see B, Zn,  Cd,  and Au effects  in  Fig.  3.21)  have a less severe 
effect  on  analyte  sensitivity  than  elements  with  lower  ionization  energies.  These 
elements  are  less  extensively  ionized so their influence  on  the  beam  current is 
smaller  than  that of elements  that  are  nearly  100%  ionized. 

Significant  changes  in  sensitivity  can  occur,  even for matrix  element  con- 
centrations of 100 ppm E174.1, as can  be seen in Fig. 3.22. The severity of the 
matrix eEect depends  on the concentration of the  matrix  element(s),  not  on the 
ratio of matrix  to  analyte  element  concentrations. 

~ e d u c i n ~  Chemical ~ a t r i ~  Efleects. The easiest  way  to  reduce  sample 
matrix-induced  changes in ICP-MS  sensitivity is to dilute the  sample, if detection 
limits are sufficient.  Alternatively, the severity of matrix effects can  be  reduced 
by  decreasing  the  nebulizer gas flow  rate  below  that  which  produces  the  highest 
sensitivity, Similar improvements  could be made by increasing the sampling  depth 
beyond the depth of highest  sensitivity  or by increasing the applied  power  while 
m ~ n t ~ n i n g  the  sampling  depth  and  nebulizer  gas  flow  rate.  Decreasing the 
nebulizer  gas  flow  rate  reduces the total amount of sample entering the plasma  per 



Effect of 0.0042 M Matrix ions with a range of masses on ICP-MS signals 
for analyte ions (7Li+,  27Al+,  45Sc+, 59Co+, 103Rk+, 13*13a+, 20*Pb+, and 232Th+). (From 
Ref. 1’74.) 

second,  reduces  the  number of large droplets  that  remain  incompletely  desolvated 
in  the ICP,  and  allows  more  time for diEusion of ions  radially  outward  from the 
center  channel of the ICP. As the concentration of matrix  ions  in the plasma  gas 
sampled  by the mass  spectrometer is reduced, the extent of space-charge-induced 
analyte  ion  transmission  loss is decreased. 
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concentration. Lens voltage was  fixed. 

~atrix-matched standards or standard  additions  can  be  used  to  prevent 
analysis errors when  chemical  matrix effects due to space-ch~ge-induced ion 
transmission  changes  are  significant.  However,  these  approaches do not  prevent 
analysis errors if there is significant drift due  to  orifice  plugging or lens coating. 
Flow  injection  approaches rnay  be  useful  to  reduce the rate of orifice  plugging or 
lens coating as a  function of time. If dilution is impractical  because of sensitivity 
loss, it rnay  be  necessary to separate the analytes of interest from  the  sample 
matrix. 

Some  researchers  have  reported  instrumental  modifications to reduce  chem- 
ical matrix  effects,  including  a  three-aperture  interface [ 103,18 11 and  removal of 
the ion  optics [ 1821. These  modifications  appear to reduce the total ion  current, 
and  therefore,  space-charge  effects,  before  ions enter the  quadrupole  mass  spec- 
trometer.  Modification of ion  optic lens voltages  and confi~urations may  also 
reduce  space-charge-induced  chemical  matrix  effects [ 183- 1861. 

There have also been  reports of reduced  matrix-induced  suppression of 
analyte  sensitivity  when  nitrogen is added to the plasma [ 187, l SS]. However,  only 
high  matrix  concentrations of K and  Na,  both  relatively light elements,  were 
investigated. 

 omp pen sating for ~ h e ~ i c a l   ~ a t r i x  Eflects  Using  Inte~nal  Standards or 
Isotope ~ i l u t i o ~ .  If  the  analyte  and  internal  standard  signals are affected  sim- 
ilarly by the  sample  matrix, internal standardization  can  effectively  compensate 
for changes  in  sensitivity. For analytes  that  are  efficiently  ionized  in  the TC 
matri~-induced change in  sensitivity  depends  on  analyte  mass  [1'74].  Therefore, 
the internal standard  must  have a similar  mass  to  the  analyte  ion [ 189,1901. 
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Because the severity of the  matrix  effect  varies  smoothly  with  analyte  mass, it is 
possible  to  use a limited  number of internal  standards  (three, for exmple) across 
the mass  range  and  then  to  interpolate  to  correct  analyte  sensitivities of analyte 
ions  with  masses  between  those of the internal standards [ 1911. 

The ideal internal standard is the same  element as the analyte  because it has 
similar  mass,  ionization  energy,  and  chemical  properties.  Therefore,  isotope  dilu- 
tion  based  calibration  provides  high  accuracy as long as isotope equili~ration is 
attained  and the measured  isotopes  are free of spectral  overlaps [192,€93], Stan- 
dards do not  need to  be matrix-matched. ~uadrupo~e-based ICP-MS inst~ments 
can  typically  provide  isotope  ratio  precision of  0.1% to 0.5%. Much  better isotope 
ratio precision  can be obtained by using  simultaneous MS detection,  such as a 
multicollector-based inst~ment  or perhaps  time-of-flight MS. In  comparison  to 
thermal  ionization  mass  spectrometry, ~ C P - M ~  provides  much  higher  sample 
t~oughput  and  simpler, faster sample  preparation. 

Because  interference-free isotopes are  most effective for isotope dilution 
analysis,  potential  sources of interference may  need to be removed  before  anal- 
ysis.  Separation  procedures  based on anion  exchange  [194-197], cation exchange 
[ 1981, solvent  extraction [ 1991,  and  anodic  stripping E2001 prior  to isotope dilution 
analysis  have  been  described. 

Propagation of errors using  isotope  dilution  ICP-MS  has  been  considered  to 
determine  how  to  optimize  the meas~ements [201].  Comparison of analysis  results 
from  external  calibration  versus isotope dilution  can be used to assess  the  quality 
of external calibration results  and the effectiveness of internal standards  with 
external  calibration  [202,203].  Because  isotope ratio precision  depends  on the 
total  ion  count  rate,  the  use of high-efficiency  sample  introduction to generate 
larger  signals  can  improve  isotope ratio precision  and,  therefore,  analysis  preci- 
sion [204]. 

analysis for about '70 elements by using 
element  response  functions  built into the  instrument  software  and  calibration of 
only a few  elements  [205,206].  Most  elements  are  more  than  90%  ionized  in the 
ICP (with  the  exception of elements  with  ionization  potentials  greater  than  about 
8 eV).  Ion  transmission  efficiency is a smooth  function of mass. The natural 
isotopic abund~ces  of the  elements  are  well  known. "herefore, it is possible to 
predict  the relative sensitivities of the  elements  and  any  isobaric  overlaps. 

Semiquantitative  analysis is carried  out  by  comparing or fitting  spectra for 
elemental  ions  (based  on  their  natural  abundances  or  response factors determined 
previously)  and  molecular ions to the  experimental  mass  spectrum  acquired  over a 
wide  mass  range.  Day to day  changes in sensitivity  and  mass  bias are corrected 
by measu~ng signals for a few  elements in a standard  solution. The keys  to 
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successful  semiquantitative  analysis include properly  choosing  the  elements  to 
use  in  the  model or fitting  process,  choosing  the  molecular  ions  to  include,  and 
accounting for changes  in  mass  bias,  day  to  day  instrument  sensitivity,  and  sample 
matrix-induced  changes  in  analyte  sensitivity.  Properly  identifying  and  modeling 
the  molecular  ion  signals  are  probably  the  most  challenging  problems.  Accuracy 
obtained is sample  matrix-dependent  and is typically  good to within a factor of 
2 to 5 for most  elements.  Higher  accuracy  (sometimes  within 230%) can be 
obtained for many  elements  that are in “clean7’ solutions or when a few  (typically 
three)  internal  standards  are  used  across  the  mass  range.  However,  care is neces- 
sary to  assess  accuracy for different  sample  types. 

Different  approaches  have  been  used to assign the signals  in  the  measured 
mass  spectrum to particular  elements  and  polyatornic  ions. The Total~uant ap- 
proach by PE-Sciex  uses a combination of equations  and  heuristics (“rules of 
thumb”) [207]. For  exarnple,  constraints  are  included  on the relative  detected 
oxide  ion  (such as Lao+) to elemental  ion  (such as La+) signals. The LaO+ signal 
is assumed to be no  more  than 2% of the La+ signal.  Instrument  response  values 
for each isotope of each  elemental  ion  are  stored  in the computer, as are  spectra of 
potential  interferents. The steps for the se~quantitative determination  are  shown 
in Table 3.5. The approach  takes  advantage of the  isotopic  pattern of masses  for 
elemental,  polyatornic,  and  doubly  charged  ions.  Monoisotopic  element 

Steps in Semiquantitative Analysis by PE-Sciex  TotalQuant 

1. 
2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

Measure  spectrum for a blank. 
Measure  spectrum for a standard containing a few  elements. This is used to update 
elemental response values to account for day to day changes in sensitivity  and  mass 
bias. 
Measure the full mass  spectrum for the sample. 
Make a preliminary estimate of the intensity for each element, based  on isotopic natu- 
ral abundances. 
Initial estimates of signals polyatomic ions are made  and are constrained to be less than 
a given percentage of a constituent element. 
Assignments of intensity are made for elements with multiple isotopes in a prioritized 
order that depends on the relative signal intensities observed. The assignments are 
evaluated and adjusted if necessary for elements with overlapping isotopes. 
The data are evaluated for apparent inexact isotopic abundances  caused  by  nonideal 
measurement precision. 
Assignments are made for polyatomic and  doubly charged ions associated with  the 
multi-isotope elements. These assignments are constrained to given percentages of the 
elemental ion signals. 
Assignments are made for monoisotopic elements and associated polyatomic and 
doubly  charged ions. 

Source: Ref. 207. 
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concentrations  are  assigned  last  because  they do not  have  a  unique  isotopic  pattern 
to aid  in  their  identification.  This  approach  was  used to reduce the computation 
time  that  would be necessary  to  solve  a  complete set of simultaneous  equations 
and  to  deal  with  species  in  the  spectrum  that  might  not  be  anticipated  in  the  model. 

Recently, a full multicompo~ent analysis  approach for automated  semi- 
quantitative  survey  analysis  by  ICP-MS  has  been  described  [153,208,209]. The 
computing  power of personal  computers  (PCs)  has  increased  sufficiently  that 
modeling  a  matrix of 250  masses by 105  species  can be done  quickly  (about 10 sec 
on  a  100-MHz  Pentium  PC). A database of the  isotopic  patterns of all elemental 
ions  and  interferent  ions is used. The database  can  be  expanded  beyond the current 
400 interferent ions. Elemental  and  polyatomic  ions  with  signals  below  the 
estimated  standard  deviations  in  the  total  measured intensities are  excluded  from 
the  model. To assess  which  elemental  and  polyatomic  ions  are  in  the  experimental 
spectrum  a relative standard  deviation  (RSD)  function  that  has  been  modeled  in 
terms of source  and  shot  noise is used  [208].  Diagnostics for goodness of  fit  of  the 
model  include  graphical  comparison of  mass  spectra  with  elemental  ion  or  inter- 
ferent  ion  spectra  and  precision for each  element or interferent  ion. The measured 
intensity at each isotope for a  given  elemental or polyatomic  ion is divided by the 
corresponding  natural  abundance  to  calculate  a  set of element i ~ t e ~ ~ i t i e s .  "he RSD 
of the  element  intensities is a  measure of the  quality of the model  fit. The precision 
information  can also be used  to  determine  true  detection limits in  the  sample. 

There are three potential  limitations of the MCA  approach.  If  the  signals at 
some  masses  (such  as mlz = 56) are  over range because of large  signals (ArO+, 
Fe+, andlor CaO+), it is more  difficult to assign  their  element  intensities  at other 
masses.  Monoisotopic  elements  have  more  uncertainty  because there is no iso- 
topic  pattern  to  assess  the  model  fit. If there  are  more  species  than  masses  over  a 
region of the  spectrum,  there is not a unique  solution. For example, Cr+ may 
require  correction for Ti+, V+, Fe+, and ArO+. 

Semiquantitative  analysis  procedures  have  also  been  used  with  laser  abla- 
tion  ICP-MS [7 1,2 10-2 131. The effect of experimental  parameters  and  potential 
improvements in accuracy of semiquantitiative analysis using  ICP- 
also  been  discussed  recently  [208,214-2161,  along  with the use of s e ~ q u ~ t i t a -  
tive analysis  with  a  double-focusing  ICP-MS  in  both  low-  and  high-resolution 
modes [2 171. 

S is used for elemental  analysis of every  type of sample  imaginable, 
including  gases, liquids, and  solids.  Element  concentrations  in  natural,  process, 
and  waste  waters;  biological  tissues,  hair,  and  fluids;  metalloproteins;  and  drugs 
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can be  determined by using  ICP-MS. Plants, animal feeds, fertilizers, food, rocks, 
ores, alloys, semiconductors,  superconductors, high-purity acids, high-purity 
bases,  reagents,  plastics,  and  polymers  have also been  analyzed by ICP-MS. For 
each of these  sample  types  one or more of the  attributes of ICP-MS  (rapid, 
multielement  analysis;  part-per-trillion to part-per-billion  detection  limits;  large 
dynamic  range;  high  selectivity  and  specificity;  isotope  measurement;  and  small 
required  sample size) make it the  method of choice.  More  than  2000  articles 
describing  applications of ICP-MS  have  been  published, A small  sample of these 
applications is described  later. 

For  many  of  samples,  sample  preparation is the  most  time-consuming  step, 
the step in  which error is most  readily  introduced,  and  the  process  that is most 
difficult to assess.  Procedures for sample  dissolution,  filtering,  extraction,  etc., 
must  be  considered  and  chosen  specifically for ICP-MS  [218,219].  Spectral 
overlaps  due  to  molecular  ions  can be directly  dependent  on  sample  preparation 
procedures.  Contamination  from  reagents,  glassware  (or  plastic  ware),  vessels, 
sampling,  handling,  and  sample exposure to the surrounding  environment  must be 
very  carefully  controlled  and  assessed  in  order  to  make quantitative measurements 
at concentrations  as  low  as  those  measurable  by  ICP-MS. The use of closed  vessel 
microwave  digestion  has  grown  increasingly  more  popular for ICP-MS  sample 
preparation  because it often  allows  use of nitric acid for digestion,  avoiding  the 
spectral  overlaps  caused by sulfuric, hydrochloric,  and  perchloric  acids,  and 
minimizes  sample c o n t ~ n a t i o n  [2 19-2261. 

There  are still a  good  deal of art and  experience  as  well  as  science  required 
for development of successful  ICP-MS  methods. A huge  database of specific 
sample  preparation  and  ICP-MS  analysis  procedures is available  in  the literature 
and  should be consulted  before  beginning  the  analysis of samples.  Many of the 
i n s ~ m e n t  manufacturers  maintain  databases of downloadable  methods  and  tech- 
nical  reports  on  their  web sites, Despite the low  detection limits and  high  selec- 

S, preconcentration  or  separation of sample  components  before 
analysis  may  be  required.  Numerous  articles  describing  new  analysis  approaches 
using  ICP-MS  continue  to  be  published. 

The role of metals  and other elements  in  the  health of humans,  animals,  and  plants 
continues to be of great interest both  on  a routine basis  and  in  research. Two recent 
reviews  described the important  impact of ICP-MS  in  biomedical  research  [227, 
2283. ICP-MS  provides  the  ability  to  measure  multiple  elements  at  ultratrace 
levels rapidly  and to measure  isotope  ratios at low  enough  concentrations so that 
stable isotope tracers  can be used for biomedical  research  f2291.  Much  remains 
unhown about  the role of metals  and  their  speciation  on  biological  activity,  in 
large part  as  a  result of inadequate  measurement  techniques. 
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lernental Analysis of Eliological Fluids 

ICP-MS  has  been  used to measure  a  variety of elements in urine,  serum,  and  blood 
[230]. The main  problems are sample-dependent  changes  in  sensitivity  and  spec- 
tral  overlaps  due  to  polyatomic  ions.  Elements  with  masses  below  about 85 are 
particularly  prone to spectral  overlaps. 

Nuttall et al. [23 l ]  reported  the  use of ICP-MS for routine d e t e ~ n a t i o n  of 
i, Cd,  Pb, Sb, Te,  and  TI  in  a  clinical  laboratory.  Blood  was  deproteinized, 

centrifuged,  and  passed  through  a 2-pm filter  before  analysis.  Other  specimens 
were  diluted  or  digested  with dilute mineral  acids. Se, Zn,  and As suffered from 
interferences  that  could  be  overcome by proper isotope selection  or  mathematical 
correction. The authors  [231]  concluded  that  Cr  and  Fe  were  too  prone  to  inter- 
ferences  (due  to spectral overlaps) to be practically  measured  by  ICP-MS  in 
clinical  samples. 

Nixon  and  Moyer C2321 described  the  use of ICP-MS for routine screening 
measurement of Pb, As, Cd,  and  TI  in  urine  and  blood. As, Cd,  and T1 are  cleared 
rapidly  from  the  blood, so that  if  significant  concentrations  are  found  in  the  blood, 
acute  exposure is indicated  and  immediate  action is necessary.  Pb is more  slowly 
cleared  from  the  blood.  Significant  concentrations  found in urine indicate chronic 
exposure or  a  delay  in  treatment  since  exposure.  Compared to graphite  furnace 
atomic  absorption  analysis,  ICP-MS  provides  better  sensitivities  and  more  r 
sample  throughput.  However, two problems  must be overcome for the ICP 
analysis to be  successful: The spectral overlap of  40Ar35C1+ at mass 75, the  mass 
of the only As isotope, must be corrected.  Sample-induced  changes in sensitivity, 
due  to the high  concentration of dissolved solids in  urine  and  blood,  must  be  cor- 
rected.  An  empirically  determined relationship between 16035Cl+ and 40Ar35C1+ 
was  used to subtract  the  contribution of  40Ar35C1+ at mass 75. Several internal 
standard elements were  tested to compensate for the changes in sensitivity.  Ga  was 
the best internal standard for As, Rh was  best for Cd,  and  Bi  was  best for TI and 
Pb, Table  3.6  shows the certified  and  measured  concentrations  using the different 
internal  standards. 

The analysis of  Cr and V in biological fluids is difficult because of 
4OAr'2Cl+ overlapping  with 52Cr+, the  most  abundant  isotope of Cr,  and  35C1160+ 
overlapping  with the S1V+, the predo~nant  isotope of vanadium.  Recently,  a 
procedure  using  high-pressure  thermal  and  moderate-pressure  microwave  diges- 
tion  with  vapor-phase  acid  digestion  was  reported to reduce the carbon-  and 
chloride containing  molecular  overlaps  [233]. The vapor  phase  acid  digestion  with 
microsample  quartz  vessels  reduced the blank  signals.  However,  blank  levels still 
limited the method  to  Cr  concentrations  greater  than  2.8  ng/g  in  biofluids.  Moens 
et al.  [234]  measured Fe, Cu, V, and  Zn  using  high-resolution  ICP-MS to pre- 
vent  many of the c o m o n  molecular  ion  spectral  overlaps.  Drying  and  ashing of 
the sample  before  dissolution  and  analysis  can  also help to reduce spectral 
overlaps  [235]. 



Inducti~ely  Coupled Plasma Mass Spectrometry 127 

Comparisons of Certified  and  Measured 
Concentrations in  National Institute of Standards and 
Technology  (NIST-SRM) 2670 Urine Using Different 
Internal Standards 

~ l e ~ e n ~ i n t e m a l  standard Concentration (ppblnglrd) 

As (target value) 
Aslnone 
AslGa 
AsN 
Cd (target value) 
CdRh 
CdlAg 
CdlIn 
CdlSb 
Pb (target  value) 
Pb/Re 
PbBi 

480 2 21 
626 
49 1 
49 1 
88 3- 3.4 
80 
85 
78 
67 

109 3- 3.7 
86 

S so 
Source: Ref. 232. 

There are many  examples of relatively  straightforward  use of ICP-MS for 
the analysis of biological  fluids.  Antimony  has  been  measured in blood  after a 14: 1 
dilution  [236].  Cesium  serum levels were  found  to be elevated  in  patients  with 
alcohol  dementia  but  not  in  Alzheimer’s  disease  patients  [237].  Cobalt  levels  in  rat 
serum  depended  on  the  form of cobalt  [238]  ingested.  Bismuth levels were 
measured  in  human  blood  and  urine  by  using a direct injection  nebulizer  [239]. 
Lead  was  measured  in  the  blood  and  blood  plasma of smelter  workers  and  the 
general  population  [240]. The measurement of trace elements  in  serum  by  ICP- 
MS has  been  compared  to  results  from  neutron  activation  analysis  and  proton- 
induced  x-ray  emission  [241].  Semiquantitative  analysis  can  also  be  used to obtain 
a rapid  screening of samples  [242]. 

In  some  cases  ICP-MS now allows  measurement of elements  that  previ- 
ously  were  difficult or impossible  to  measure at low  enough levels to set reliable 
reference  ranges for humans.  Reference  ranges for Li, B, MO, Sn, Sb, CS, 
Pb, and  Bi  were  reported  [243].  Measurement of uranium levels in  an  unexposed 
population has also been  reported  [244]. 

Biological Tissue 

ICP-MS  analysis of human  tissue  [245]  has  been  described  in  several  reports. 
Microwave  digestion  was  commonly  used for sample  preparation.  Analysis of 
tissues  can  provide  information  on  essential  elements as well as toxic  elements. 

Pb isotope ratios  depend  on  the  source of lead. Therefore,  ICP-MS  isotopic 



128 Olesik 

analysis  can  be  used to identify  sources of lead. In one study  [246],  people  with 
low  lead  concentrations in the  United  Kingdom  had  206PbPo7Pb isotope ratios of 
1.13 rt: 0.01. Lead  uptake  from  drinking  water  (source isotope ratio  1.18)  in  parts 
of Scotland  was  found to contribute 60% to body  lead.  Lead from gasoline  in  inner 
London  (source isotope ratio  approximately  1.07)  contributed  30% to 40% of lead 
in  inner  London  children. 

The accuracy of autopsy  tissue  elemental  analysis has been  assessed  [247]. 
Results  indicated  that  differences  in elemental concentrations depend on age. 
Tissue of patients in chronic  renal failure and  treated by hemodialysis  can  accu- 
mulate  higher  concentrations of Cr  and  Al.  Black  particles  observed  in  a  spleen 
fragment from a  patient  who  had  previously  had  a hip replacement  were  found by 
ICP-MS  to  contain  high  titanium  concentrations  [248]. 

Trace  metals  have  been  measured  in  various  tissues by ICP-MS  to  investi- 
gate  Alzheimer’s  disease  [249-2521. Various sample  preparation  and  processing 
approaches  have  been  used,  including  flow  injection  analysis  and extraction, Al, 
Si, and Sn levels were  reported to be higher  than  in  healthy  tissue,  whereas  zinc 
and  selenium  concentrations  were  lower. In the  temporal  cortex there were also 
reductions of cesium  and  cerium  concentrations.  The  mechanisms  responsible  and 
the  key  elements  remain  incompletely  understood. 

Laser  ablation  ICP-MS  can  be  used to obtain spatial maps of elemental 
composition in tissues.  In one study  [253],  LA-ICP-MS  was  used for “elemental 
tagging” of fish  scales,  rat  kidney  cross  sections,  and  examination of the  blood/ 
bone  interface  in  a  pig  femur.  Ca  and Mg were  used  as “natural” internal 
standards. 

A variety of elements  have  been  measured in fish tissue to determine the 
cause of  fish  kills  and to assess  water  quality.  Slurry  samples  were  introduced into 
the ICP by  using  electrothermal  vaporization  in  one  report  [254]  with  isotope 
dilution based  determination of Gu, Zn, Cd, and  Pb. Sample preparation  was 
simplified  by  using slurries rather than  complete  dissolution.  Electrothermal 
vaporization  can  be  used  to  reduce  spectral  overlaps  due to molecular  ions  that 
~ontain oxygen. The sample  can be dried  in the furnace before vaporization of the 
analytes. The time-dependent  vaporization  can also be  used to reduce  some  matrix 
effects.  Isotope  dilution  improves  precision  and  accuracy of the  analysis. The 
uptake  and  organ-dependent  accumulation of cadmium  in  carp  have also been 
investigated by ICP-MS  analysis  [255]. 

Platinum-based  compounds are commonly  used  as  cancer  treatment  agents. 
P h ~ a c o k i n e t i c  studies of these  antitumor  drugs require ultratrace  analysis. 
Electrothermal  vaporization  ICP-MS  provides  low  detection limits for small 
samples  [256].  High-performance  liquid  chromatography  with  ICP-MS  detection 
allows  speciation of platinum  compounds  in  tissues  [256].  LA-ICP-MS  can be 
used to study the dis~but ion of platinum  in  tissues  and  tumors  [256].  Natural 
levels of Pt  are  below  typical  quadrupole  ICP-MS  detection limits [257]. 
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Selenium  has also been  investigated  extensively  with  ICP-MS. It can be 
efficiently  introduced into the  plasma by hydride  generation in order to improve 
detection  limits. The analyte is efficiently  transported into the plasma  as  a  gas  and 
the sample  matrix is left behind. The hydride  generator  design  can  influence 
interferences  and  sensitivity  [258].  Sample  cross-contamination  was  elirninated 
when the air  bubble  normally  entrained  between  samples  was  removed [258]. 
Isotope  dilution  can  be  used to obtain  high  accuracy. 

Isotope Tracers 

Stable isotope tracers  can be conveniently  measured by using  ICP-MS  [259,260]. 
The low  ICP-MS  detection limits allow  small  amounts of stable isotope tracers  to 
be given to subjects,  including infants [261]. 

The first  complete  study of nickel  metabolism  in  humans  involved  ingestion 
of 10 pg of G2Ni/kg body  weight  [262].  Isotope  dilution  (with (jlNi+) was  used to 
measure 62Ni+ tracer  concentrations  in  blood,  urine,  and feces. Potential  compli- 
cations  due to contarnination  and  dietary intake of nickel  were  eliminated by using 
the  isotope  tracer  approach. 

ICP-MS  allows  multiple  element isotopic tracers  to be monitored  simul- 
taneously. For example,  zinc  metabolism  in  heathly  women  was  investigated by 
oral ingestion of a 67Zn trace  and  an  intravenous  (i.v.)  tracer  highly  enriched  in 
70Zn. Ratios of  67Zn to 66Zn and 7OZn to 66Zn  in  plasma,  urine,  and feces were 
determined to trace the Zn  from the oral  and  i.v.  sources  independently. 

Plant  Analysis 

Uptake of elements by plants is important  in  understanding  essential  nutrients for 
plants,  potential  health  concerns for humans  and  animals  that eat the plants,  and 
use of plants  as  a  remediation  agent  to  remove  toxic  elements  from soils, The 
uptake of heavy  metals by wheat  from fertilizers and  sewage  sludge  applied  to 
agricultural  lands  was  investigated  by  using  ICP-MS  [263]. 

Wet and  dry  ashing  sample  preparation  procedures for plant  materials  and 
subsequent  analysis by ICP-MS  have  been  assessed  [264].  Closed  vessel  micro- 
wave  digestion  nitric  acid  and  added  hydrogen  peroxide  can  often be employed for 
~ssolution of plant  materials  [265]. H202 helps  to  allow  a  higher  temperature to 
be maintained  without  excessive  pressure  buildup  as  well  as to reduce the carbon 
content  in the sample.  However,  impurities in the hydrogen  peroxide  can  degrade 
detection limits for some  elements  [265].  Ultrasonic  slurry  sampling  ETV-ICP- 
MS  was  used to measure  Ge, As, Se, Cd,  and  Pb  in  plant  tissues  [266]. 

Plants  such  as  mung  bean  seedlings  can be used  as  bioindicators for toxic 
elements  such  as As [26’7]. Analysis of tree rings  can  provide  information  on 
short-term  variations  in  pollution  sources  [268].  Elemental  “fingerprints”  have 
also been  used to identify  sources of plants,  including  cannabis  [269]. 
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oods 

The use of  ECP-MS for the analysis of foods has  been  reviewed  recently  [270]. 
Food  analysis  can  provide i n f o ~ a t i o n  on  potentially  toxic  elements,  nutrient 
elements,  or  geographical  origin of the food. The application of ICP-MS  to 
experimental  nutrition  has  recently  been  reviewed  [27 l]. The impo~ance of 
quality  control for multielement  analysis of complex  sample  matrices like foods 
by  ICP-MS  was  shown  [272]. 

Tin levels in fruits, vegetables,  and juices were  found to be higher  when 
unlaquered  cans  were  used  [273].  Ethanol  affects  ICP-MS  sensitivity for many 
elements.  Sample  preparation  can  affect  the  extent of the  change in sensitivity, 
 intern^ standar~ization can be used  to  improve  Pb  concentration measure~ent 
accuracy in wine  [274].  Isotope dilution analysis  can be used for accurate  concen- 
tration measure~ents in  wine  [275]. 

The iodine content of a variety of foods  in  East  Africa  was  measured  by 
S [276].  Samples  were  dried  and homogeni~ed prior  to  iss solution. Tell- 

urium  was  used as an  internal  standard.  Only  saltwater  fish  were  found to be a 
sufficient  dietary  source of iodine. 

Plants  have  trace  element  concentrations  that  are ch~acteristic of the  soil 
they  are  grown in. For example,  the  pattern of rare earth element  concentrations in 
wines  produced from vineyards  in  different  geographical  regions  was  unique,  and 
grapes  grown in the saxe area  even  in  different  years  had  similar  patterns  [277].  In 
another  study trace element  concentration  patterns  could be used to differentiate 
among  Spanish  wines  from three different  regions  and  between  Spanish  and 
English  wines  [278].  Changes in soil  acidity  and  oxidation  were  found  also  to 
affect the uptake of particular  elements  and  therefore  the  concentration of ele- 
ments  in  wine  [279]. The geographic  origin of orange juices has also  been 
id en ti fie^ by ICP-MS.  Variance  analysis  using  the  measurements  of  up  to 64- 
elements  was  used  to  identify  elements  that  could  best  be  used as geographic 
indicators  [280], 

~eologists have been  involved in the development of ICP-MS  since its beginning 
[28 l]. The  key  capabilities of ICP-MS for geological  samples  include  low  detec- 

d  isotopic  measurement  [282-2851. The most  prevalent  use of laser 
MS is probably  in the analysis of geological  materials  [286,287]. 

Geological  applications  have  also driven the  development of laser saxpling from 
small (<l0 pm) spots  with  sufficiently  high  sensitivity.  Sector,  multicollector 

samples 
inst~ments are  used  mainly for isotope ratio measurements of geological 
[SS],  More  than 400 articles  have  been  published  on  the  use of ICP-MS 
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for the  analysis of geological  samples. A few  selected  areas of geology  in  which 
ICP-MS  has  been  used  are  described  here. 

a n t ~ ~ n i d e  and Actinide 

Insight into melting  and  fractionation  during  the  formation of rocks  can be gained 
uring  the  relative  concentrations of rare earth elements.  Therefore, ICP- 
been  used since its introduction for the  measurement of rare  earth 

elements in geological  materials  [282].  Recently,  basalt from Mauna 
investigated by ICP-MS  using  this  approach  [288]. 

A wide  variety of sample  types,  sample  preparations,  and  processes  have 
been  used. Poydered rock  samples  were  fused  with KZ zCO,, followed by 
precipitation of the  potassium  using  perchloric  acid,  separation  with  methanol- 
perchloric  acid,  evaporation to a  residue,  and  dissolution of the  residue  in  dilute 
nitric  acid.  Detection  limits  in  the  solid  were  in the microgram  per  gram (pglg) to 
nanogram  per  gram  (ng/g) levels in the solid  without  preconcentration. 

Rare  earth  elements  have  been  measured  in  fluid  inclusions  using flow 
injection  [289].  Rare  earth  oxides  cause  spectral  overlaps,  so  ion c~omatography 
or other  separation  techniques  are  often  used.  High-resolution  mass  spectrometers 
have also been  used.  By  reducing  the  amount  of  water  entering  the ICP using  a 
desolvation  and  membrane,  molecular  oxide  ion  signals  can be reduced by a  factor 
of 100 [290]. E ~ a n c e d  isotopes for a  light rare earth  element  and  a  heavy  rare 
earth element were  used for mass  bias  correction, internal standardization,  and 
isotope dilution so that all of the rare earth elements  could be determined  in  one 
measurement  [290]. 

Naturally  occurring  zircon crystals are  very  stable  and include structures 
from a  succession of geological  events.  Therefore, rare earth  measurements  in 
zircons  have  also  been of great interest [291].  Zircons  are  often  difficult  to  put into 
solution  completely so laser  ablation is often  used.  Laser  ablation is also  partic- 
ularly  advantageous  in  probing  small  zircons  embedded  in other materials  and  in 
measuring  different  structures  within  a  zircon crystal. 

Precious Metals and 

Trace  element  measurements by ICP-MS  have  been  used for geological  explora- 
tion  [292]. The use of  ICP-MS for measurement of precious  metals in rocks  has 
been  recently  reviewed  [293].  Typically sample preparation  includes  extraction 
and  concentration of precious  metals  and  separations  from  potentially inte~ering 
elements  [293].  For  example, HfO+ of masses 194, 195, and 196 overlaps  with 
Pt+ isotopes.  Limits  on  dissolved  solid  concentrations to about 0.2% also  limit 
the detection of small  quantities of precious  metals  in  the  solid. 

Sample  preparation is especially  key to the  measurement of precious  metals. 
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Fire assay  techniques  with  large  (15-30  g)  samples of crushed,  ground  rocks; 
soils; and  sediments  are  often  used to concentrate  precious  metals  such  as  Au,  Pt, 
and  Pd  while  providing  a  more  homogeneous  sample.  Appropriate  assays  using  Pb 
or NiS, for example,  and  their  subsequent  dissolution  depend on the elements of 
interest [293].  Reagent  blank levels often limit detectable levels of platinum group 
elements  and  gold.  Chlorination  methods  have  been  used  [294] in large  part 
because of the very  low  reagent  blank levels attained.  Acid  dissolution  and 
extraction  procedures have also  been  described,  although  acid  extractions  often do 
not  yield  quantitative  extraction of the  precious  metals.  Because acid extractions 
are  often  more  rapid  and  inexpensive,  they  are  sometimes  used  to  screen  large 
numbers of samples.  Sodium  peroxide fusions have also been  used to form salts 
that  are  water-soluble.  Purification  and  preconcentration  using  precipitation, ion 
exchange  separation,  and  solvent  extraction are then  often  used  [294].  By  using  a 
lead  fire  assay  followed  by  cupellation  and  AgCl  separation,  detection  lirnits for 
Pt, Pd, and Au  of 0.1  ng/g  in  soil  and  sediment  have  been  attained  [295]. 

Isotope Ratio and Isotope Dilution ~ e a s u r e ~ e n t s  

Isotope ratio precision  provided  by  quadrupole  ICP-MS i n s ~ m e n t s  is much 
poorer  (typically 0.2% to 0.8% RSD) than  can be obtained by thermal  ionization 
mass  spectrometry (TIMS). Plasma  fluctuations  and  short-term  variations  in the 
aerosol  introduced into the  plasma are the main  sources of noise  in  ICP-MS. 
Multicollector  sector-based  ICP-MS i n s ~ m e n t s  can  provide  isotope ratio preci- 
sion of 0.003% to 0.05% RSD,  in  some cases rivaling  that of TIMS [58].  Sector- 
based  instruments  can also provide very  high  sensitivity  compared to that of 
TMS, p~icular ly  for elements  with  higher  ionization  energies or those  that form 
refractory  compounds. In these cases isotope ratio precision  can be superior to 
TIMS precision. Sample preparation for TIMS is generally  much  more  time- 
consuming  and restrictive than for ICP-MS.  Measurement  times for ICP-MS are 
generally  shorter  because of higher  ion signals so that counting statistics are  better 
on a  relative  basis.  Elements  that  form  refractory  compounds or have  high 
ionization  energies are not  amenable to TIMS.  Multicollector  sector-based  ICP- 
MS i n s ~ m e n t s  can  provide  isotope  ratio  precision  that rivals that of TMS [SS]. 
However, there are  several  applications  in  which the isotope ratio  precision 
provided  by  quadrupole  or  single-collector  sector  instruments is sufficient. 

Os isotope ratios vary as a function of age as  a result of radioactive  decay of 
ls7Re to Is7Os. Os is much  more  extensively  ionized in the ICI?  than  by  TIMS. 
Precision  provided  by  quadrupole  ICP-MS (0.3% relative standard  deviation) is 
sufficient  to gain useful  dating by Os isotope ratio measurement  [296,297]. Pb 
isotope ratios vary,  depending on the geological  history of the  sample,  because of 
decay of 238'u, 235U,  and 232Th to 206Pb and Z07Pb. 

Often high  accuracy is required for geological  interpretation of trace ele- 
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ment patterns, Therefore, isotope dilution-based  concentration  measurements 
have  often  been  used  [298-3021. 

The low  detection limits and  rapid,  multielement  analysis  provided  by  ICP-MS 
make it particularly  attractive for environmental  applications,  in  which  high 
sample  throughput is often essential, For several elements,  including  Pb,  the 
maximum  acceptable levels have  decreased  as the ability to measure  lower  and 
lower  concentrations  has  improved.  ICP-MS  measurements are used to assess 
environmental  quality,  including  meeting  legislated  requirements; to investi- 
gate the  natural  sources  and  transport of elements; and  to  identify  sources of 
pollutants. 

Nonsaline Water Analysis 

River,  stream,  and lake water;  groundwater;  as  well  as  atmospheric  precipitation 
are  commonly  analyzed by using  ICP-MS  [303].  Often  the  samples  can  be run 
directly or after  simple  filtration or centrifugation to remove  suspended  particu- 
lates [304].  Typically  samples  can  be  preserved  by  the  addition of l% to 2% 
concentrated  nitric  acid by volume  [305].  Nitric  acid is preferable  to  hydrochloric 
or sulfuric  acid  because of the  lack of molecular  ion spectral overlaps  from  nitric 
acid or its reaction  products  in  the ICP, as  discussed  earlier.  In  most  cases 
preconcentration or separation is unnecessary.  In  some  cases  preconcentration  and 
removal of chlorides from the sample  are  advantageous  and can  be done by using  a 
simple  flow  injection  approach  [306]. 

ICP-MS is widely  used  to  assess  drinking  water  quality.  Environmental 
Protection  Agency  (EPA)  methods  200.8  and  1638 for the  analysis of drinking  and 
waste  waters  use  ICP-MS [30’7-3091. Sources of Pb  in  drinking  water  can  be 
assessed  from  Pb  isotope  ratios.  In  one  study,  206Pb(207Pb,  206PbPo8Pb,  207Pb(208Pb 
isotope ratios in tap water  were  compared to those of plumbing  materials [3 101. 
The authors  were  able to conclude  that  the  copper  pipe  and solder were  the  main 
sources of Pb. 

In  some  cases,  ultrasonic  nebulization or preconcentration is used to en- 
hance  detection  limits.  As,  Se,  and Sb were  measured  in  cloud  water;  detection 
limits were 20, 100,  and 20 pg/mL,  respectively,  using  pneumatic  nebulization 
and four to five  times lower using  ultrasonic  nebulization [3 1 l ]  In  another  study 
[312],  activated  charcoal  from  a l-L sample  volume  was  used  to  preconcentrate 
Pd  and Pt in  fresh  waters.  Detection  limits  were  0.3-0.8 ngL. An  automated on- 
line preconcentration  system  based on a  cationic  resin  (AG50W-X8)  was  used  to 
measure Cd, Pb, Ni,  Cu,  and Zn, A preconcentration factor of 30  was  obtained 
even  with  a  sample  throughput  of  20  samples  per  hour [3 131. 



134 Olesik 

Seawater 

Analysis of seawater by  ICP-MS is complicated  by  low  concentrations  of  many 
elements of interest, sensitivity  reductions due to the high salt concentrations,  and 
C1 containing  molecular  ion  spectral  overlaps [3 14.1. Standard reference seawaters 
are  available from the National  Research Council (Canada). 

Several different  approaches  to  preconcentration  and  matrix  elimination 
have  been  reported. A commercially  available chelation system  based on silica- 
immobilized  8-hydroxyquinoline has been  used for on-line  preconcentration  and 
matrix  separation [3 15,3 161. Detection limits using a 90-fold  concentration  were 
0.04 ng/dm3 for U to 6.3 ng/dm3 for Zn. 

Off-line dicarbamate  solvent  extraction  and  ICP-MS  analysis  [317]  pro- 
vided p~-per-trillion detection limits: Cd (0,2 ppt), CO (0.3  ppt), Cu (3 ppt),  Fe 
(21 ppt),  Ni (2 ppt),  Pb (0.5 ppt),  and  Zn (2 ppt).  Off-line  matrix  removal  and 
preconcentration  using  cellulose-immobilized ethylenediaminetetraacetic acid 
(EDTA)  have also been  reported [3 1 S].  Transition  metals  and  rare earth elements 
were  preconcentrated  and  separated  from the matrix  using  on-line ion chroma- 
tography  with  a NTA chelating  resin [3 191. Isotope-dilution-based  concentration 
measurement  has  also  been  used after matrix  separation  with  a  Chelex  ion- 
exchange  resin  [320]. The pH,  flow rate, resin  volume,  elution  volume,  and  time 
required for isotope  equilibration  were  optimized. A controlled-pore  glass  immo- 
bilized  iminodiacetate  based  automated  on-line  matrix  separation  system  has also 
been  described  [321].  Recoveries for most  metals  were  between  62%  and  113%. 

~lectrothermal vaporization has also  been  used for seawater  sample  intro- 
duction into an  ICP-MS.  Trace  metals  were  complexed  and  then  vaporized as 
dithiocarbamate  complexes  in  one  study  [322].  Addition of a matrix  modifier 
[~d(N03)~-Mg(NO~)~]  enhanced  analyte  sensitivity.  Addition of a  matrix  modifier 
to act as a  physical carrier in  ETV-ICP-MS  has  become  common.  Seawater  was 
used  as  a  matrix  modifier for ETV-ICP-MS  in  one  report  [323]. 

Sector-based  ICP-MS  instruments  have  recently  been  used for seawater 
analysis.  These  instruments  can  provide  high  resolution to minimize  spectral 
overlaps  or  high  sensitivity  when  used  in  a  low-resolution  mode. The sample  can 
be diluted to  reduce sample-dependent  variations in sensitivity  while  maintaining 
sufficient  detection limits, Diluted  seawater  was  introduced into the ICP without 
further  sample  preparation in one recent report 113241. Nonspectral  matrix effects 
due  to  seawater for quadrupole  and  sector-based  ICP-MS  instruments  have  been 
compared  [325]. 

Soils and  Sediments 

The use of ICP-MS for trace  analysis  in  sediments  has  recently  been  reviewed 
[326]. The advantages  and  disadvantages of acid  digestion  versus  fusion-based 
sample  dissolution  were  discussed.  The  problems  involved  in  ICP-MS  analysis of 
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soils  have  been  considered  [327].  Analysis of marine  sediments by ICP-MS  was 
assessed by using  external calibration, standard  addition,  and  isotope  dilution 
[328,329]  with  comparison of experimental  results for standard  reference  mate- 
rials. The  influence of sample  preparation  on spectral overlaps  was  demonstrated. 
Spectral overlaps  due  to  molecular  oxides  can also present  problems  [327]. 

extracted by using  a  microwave  assisted  flow  injection  system. A complexing 
agent  and  surfactant  were  added to eliminate  the  long  memory  effects  typically 
observed  with  mercury. 

A mobile  ICP-MS  has  been  used for on-site  measurements of polluted soils 
[331]. A rapid  digestion  procedure  was  developed in order to reduce  sample 
analysis time for the rapid  identification of heavy  metal  anomalies  near  a  mine 
dump  where  no  vegetation  was  growing. 

detection  [332]  as  well  as  directly into an  ICP-MS  using  a ~abington-type nebu- 
lizer [333].  Although  slurry  sample  introduction  eliminates  the  problems  associ- 
ated  with  sample  dissolution, care is required  to ensure that the slurry  particles  are 
small  enough to be  completely  vaporized  in the ICP. Agglomeration of particles  in 
the slurry  before  introduction to the nebulizer  must be prevented  in  order  to 
maintain  constant  transport  efficiency into the ICP. 

Total  mercury in soils  can  be  measured  by  ICP-MS  [330]. 

Slurries have  been  used to introduce soil samples into an  ETV  with  ICP- 

ly Ash, and Dust 

Combustion of coal  produces  ash  that  can be transported  through  the  air.  Slag- 
ging  and fouling problems  can  also  be  predicted  from  elemental  analysis.  There- 
fore, elemental  analysis of both  the  coal  as  well  as  the  ash  are  important. 
dures for dissolution  and  analysis of coal  and  combustion  products of coal  have 
been  reported  [334-3361.  Laser  ablation  sampling  has  been  successfully  used for 
coal and  combusted  materials  [337,338].  The  direct  introduction of slurries  has 
also been  used  [339].  Comparison of ICP-MS  and P K E  analysis of coal combus- 
tion  aerosols  showed  that  analysis  errors  can  occur  in  ICP-MS if particle  vaporiza- 
tion is incomplete  in  the ICP [340]. 

Flow  injection  hydride  generation  has  been  used to measure  As,  Hg,  and Se 
in coals with  detection limits in the 2-  to  5-ng/g  range  [341].  Comparison of ICP- 
MS  and  neutron  activation  analysis  results  showed  good  agreement. 

ICP-MS isotope ratio measurements of house  dust  samples  were  used  to 
assess  potential  sources of Pb  [342]. Street dust  and  soil  outside  the  house  showed 
similar  Pb  isotope  ratios,  but  lead  paint  in the house  had  a  different  isotopic 
pattern.  Sources of lead  outside the home  were  found  to  contribute  as  much to 
lead  in  most of the  house  dusts  as  did  lead  from  lead-based  paints inside the 
house. 

Dissolution of dust  and  other  atmospheric  aerosol smples by microwave 
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digestion is faster than  hot  plate  methods.  However,  Teflon  vessels  can  become 
contaminated.  It is useful to keep  a  history of the  Teflon  vessels  and  to  assess 
method b l d  levels by processing  a  blank  through the entire dissolution  process. 

aterials Analysis 

ICP-MS  has  been  used for the analysis of  many  materials,  including  alloys,  steels, 
nuclear  materials,  ceramics,  superconductors,  plastics,  polymers,  and  catalysts. 
Semiquantitative  analysis by ICP-MS is often  a  convenient  method  to  screen 
samples for trace  elements  and  impurities.  Measurement of impurities  can  be 
complicated by sample matrix-dependent  degradation of sensitivity,  particularly 
if  the  samples  contain  high  concentrations of heavy  elements  that create extensive 
space-charge-induced  ion t rans~ssion losses. Matrix mat~hing  is complicated by 
the need for ultrapure  materials. 

Metals and Alloys 

Even  sub-ppm levels of some  elements  can  affect  properties  and  processing of 
steel  and other alloys. The analysis of low-  and  high-alloy  steels for environmen- 
tally  important  elements  (Cd,  Hg)  as  well  as  elements  that  affect  the steel (Sb 
and Bi, for example) has been  discussed  [343].  ICP-MS  has  been  used for semi- 
qu~titative and quantitative measure~ent of Gd,  Sm,  and Th in  zirconium  alloys 

ICP-MS  has also been  used to measure trace elements  in  archaeological 
native silver artifacts C3451 in order to  identify  their  geographical origins, The  low 
detection limits provided  by  ICP-MS  allowed  analysis of trace elements  on  3  to 15 
mg of sample. The passivation of alloy  steels  using  acid  solutions has been  studied 
by  XPS  measurements of the solid  in  combination of ICP-MS  analysis of the 
passivation  solutions  [346,347]. When bullets  are c ~ s h e d  on  impact,  striations 
cannot be used for identification. The percentage of antimony, trace element 
composition,  and  lead  isotope ratios in  bullets  was  measured for forensic  evidence 
[348]. The lead isotope ratios  were  found to be the  most  usefbl  evidence. 

To analyze  metals  and  alloys  directly  without  dissolution,  both  spark  abla- 
tion  l3491  and laser ablation [6 1,21 l] dry  aerosol  generation  systems  have  been 
used to introduce  samples into an  ICP-MS.  These  approaches  often  require 
ma~x-matched standards,  although  several  active  research  groups  are  focusing 
on  techniques  to  reduce  that  requirement.  The  amount of material  ablated  depends 
on the sample  type.  Fractionation of elements  can also be  a  problem,  depending  on 
the sample, the laser fluence,  the laser wavelength,  and  the  number of laser pulses 
used to sample  from  a  fixed  location.  Volatile  elements  that are segregated in 
the  samples  appear to  be most  prone to fractionation  problems [61]. 

~3441. 
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~ a t e r i a ~ s  Used in the Nuclear Industry 

Although  ICP-MS  has  been  used for analysis of nuclear  materials,  often  the entire 
instrument  must be in  an  enclosed “hot” enclosure  [350]. Sample preparation 
equipment,  inlets  to  sample  introduction  systems,  vacuum  pump  exhaust,  and 
instrument  ventilation  must  be  properly isolated. Many of the  materials  used in the 
nuclear  industry  must  be of very  high  purity, so the low  detection limits provided 
by ICP-MS  are  essential. The fission  products  and  actinide  elements  have  been 
measured  by  using  isotope  dilution  ICP-MS [35 l]. Because  isotope  ratios  are  not 
predictable,  isobaric  and  molecular  oxide  ion  spectral  overlaps cannot be  cor- 
rected  mathematically, so chemical  separation is required. 

Plastics 

Metal  doped  polymers or plastics  that  might come in contact  with  food  or  drinks 
have  been  analyzed  by  ICP-MS.  Plastics  may  be  contaminated  with  elements  used 
in  the  production  process  including  catalysts.  Plastic  food  wraps  have  been 
analyzed after microwave  acid  digestion  [352,353].  Results  were  in  good  agree- 
ment  with  those  of  neutron  activation  analysis.  Laser  ablation of plastics  and 
polymers [S 1,352,3541 is particularly  convenient for semiquantitative  analysis to 
eliminate the  need for dissolution or to examine the  homogeneity of inorganic 
elements  within the materials  [352]. The effect of the  polymer  composition  and 
laser  wavelength  on  laser  ablation  sampling  efficiency  has  been  investigated  [63], 
again  illustrating  the  potential  difficulties  in  obtaining  quantitative  analysis  with- 
out  matrix-matched  standards. 

Catalysts 

ICP-MS is useful for analysis of catalysts from two  perspectives: The composition 
of the catalysts must be carefully  controlled,  particularly  because the active 
elements are often  expensive. The catalysts are often  finely  distributed in a  sub- 
strate material so their  concentration  in the bulk  material  may be quite low. 
Second,  catalysts,  particularly  those  used  in  automotive catalytic converters,  can 
be  a  significant  source of platinum  group  elements  in  the  environment. Re and  Pt 
have  been  measured  in  catalysts  by  ICP-MS [ 1931. Procedures for the  analysis of 
used  catalytic  converter  materials by  ICP-MS  have  been  reported  [355].  Accurate 
meas~ements are essential for many of these  applications so isotope dilution- 
based  concentration  calibration is commonly  used. 

~~l icat ions in  the   em icon duct or Industry 

High-purity  acids,  silicon,  and other materials are essential for acceptable  yields in 
the  production of semiconductor  devices. C o n t ~ n a t i o n  becomes  a  more  and 
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more  important  problem  as the size of the  structures  in the semiconductor  devices 
is reduced, Metal  contamination levels in  processing  solutions  as  low  as 50 parts 
per  quadrillion  have  been  identified  as  potentially  deleterious. The operating 
properties,  dark  current,  and  oxide  breakdown  voltage are dependent  on c o n t d -  
nant  and  dopant  element levels in  semiconductors  [356].  Particulates  collected  in 
traps  used  to  maintain  clean  conditions  must be identified  in  order to reduce  their 
occurrence. The use of ICP-MS for the analysis of samples  related to semiconduc- 
tor  device  production  has  recently  been  reviewed 1357-3591. 

The needs of the semiconductor  industry  have  been  one of the main  driving 
forces to attain  detection limits in the low  parts-per-quadrillion  level.  Sector-based 
ICP-M~ instruments are often  used in a  low-resolution  mode to provide the very 
high  sensitivities  that  are  needed.  Many of the elements of interest are  below  mass 
80. Therefore, the use of reaction cells in ICP-MS inst~ments in order to  reduce 
molecular  ion  signals  and  other  background is likely  to  have  a  major  impact  on  the 
analysis of materials  used  in the semiconductor  industry. The importance of 
procedures for analysis of these  materials  with  very  low  detection  limits is so key 
to  the comercial success of the  semiconductor  manufacturers  that  details of the 
ICP-MS-based  methods  may  not be published.  Those  that are published  may be 
modified  somewhat  from  what is done in practice. 

igh-purity  acids  are  used for cleaning  and etching of semiconductor  mate- 
rials. The analysis  challenges  include  attaining  sufficiently  low  detection limits, 
avoiding conta~nation (including from the extraction of elements on tubing  and 
sample  introduction  systems),  and  dealing  with  molecular  ion  spectral  overlaps 
from plasma species, water de~omposition products,  and the acids  themselves. 
Among  examples of ICP-MS  analysis of acids  used  in  semiconductor  processing 
are hydrofluo~c acid  [360,361],  sulfuric  acid 13621, hydrochloric  acid  [363],  and 
phosphoric  acid 13641. 

Several approaches  have  been  used  to  reduce  spectral  overlaps  due to 
molecular  ions. The use  of “cold plasma,’  conditions,  described  earlier, is well 
suited  to the analysis of high-purity  acids.  Fe, Ca, and K, which  suffer  from  severe 
spectral  overlaps  with Ar0+, Ar+, and  3*ArH+,  under  normal  plasma  conditions, 
can be measured  in the low-ppt level. The argon  ion  number  density in the ICP is 
greatly  reduced by operating  at  lower  temperatures.  Analyte  ion  signals for 

with  low  ionization  energies  are  not  significantly degraded, Sector-based 
inst~ments have  been  used for acid analysis in low-resolution  mode to 

provide  high  sensitivity  and  in  high-resolution  mode to overcome  spectral  over- 
laps [365]. ETV-ICP-MS has also  been  used for high-purity  acid  analysis  [366- 
3681 to avoid ArO+ and  other 0- or H-containing  molecular  ions. 

The sample  introduction  system,  sampler,  skimmer,  and  ion optics can be 
sources of contamination  that  produces  high  ICP-MS  blank  signals so proper 
cleaning  and  maintenance  are essential [369].  Some  have  argued  that  no  dilution 
or evaporation  (for  preconcentration) of high-purity  acid  samples  should be used 
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because  any  sample  preparation  or  handling  enhances  chances of contamination 
[368].  However,  many of the  acids  can  cause  sample  introduction  problems if  run 
directly.  Often,  large  sample  volumes of high-purity  acids  are  evaporated  in  order 
to  improve  detection  limits.  Great  care  must  be  taken  to  prevent  contamination. 

The  purity of silicon  and  gallium  arsenide  starting  materials has been 
measured  by  using  ICP-MS  [370-3721.  Impurities  in  materials  used  as  dopants for 
 semiconductor^ have  also  been  measured  by  using  ICP-MS  [373]. 

Vapor phase  dissolution  (VPD) is comonly used for surface  and  contam- 
ination  analysis of serniconductor  wafers  [374-3791. HF vapor is used  to  remove 
a  silicon oxide or native  silicon  layer. A drop of hydrofluoric  acid  or  deionized 
water  (with  a  volume  of SO to 200 pL) is placed  on  the  surface  and  rolled  around 
the  surface to dissolve  the  metals. The small drop is then  analyzed by ICP- 
using  either  a  direct  injection  nebulizer,  a  micronebulizer,  or ETV. The ability of 
ICP-MS to measure  several  elements  rapidly  in  a  small  volume of solution is 
essential. 

Trace  impurities  in  some  gases  used for semiconductor  processing  have 
also  been  monitored  using  ICP-MS  [380-3821.  It  may be necessary  to  use 
specialized  materials for the sampler  and  skimmer  to  prevent  degradation.  In  one 
study,  the  level of iron  from  a  hydrogen chloride cylinder  was  found  to  increase  as 
the  cylinder  was  used  and to depend  on the cylinder-valve  package  [382]. 

Impurities  in  photoresists  have  also  been  measured  by  ICP-MS  [383,384]. 
Ultrasonic  nebulization  and  electrothermal  vaporization  sample  introduction  ap- 
proaches  have  been  used. 

The current  analytical  capabilities of ICP-MS  provide  a  means to assess  new 
low levels of contamination in the semiconductor  industry  [38S].  Contamination 
in  clean  room  air  can  be  detected at very  low  levels.  Dopant  and  trace  metal 
contamination  on  semiconductor  wafer  surfaces  can be monitored.  Ultratrace 
metals  in  deionized  water,  high-purity  acids,  and  other  process  chemicals  can 
often  be  measured at concentrations less than  1  part  per  trillion. 

In  many  chemical  systems,  the  form of an  element  controls its biological or 
chemical  effect  and its transport or remediation.  Elemental ions in  different  oxida- 
tion  states,  as  different  metal-ligand  complexes  and  various  organometallic  mole- 
cules, often  have  very  different  toxicity.  Certain  species  are  essential  nutrients 
[Cr(III), for example],  whereas  others  are  toxic  or  carcinogenic  [such  as  Cr(VI)]. 
Organo~etallic mercury  compounds,  such  as  methylmercury,  are far more  toxic 
than  inorganic  mercury.  Trialkyltin  compounds  are  highly toxic and  tin is present 
in  some food cans. The transport of metals  through  soils  and  water  systems is 
highly species~dependent, Industrial  processes  may also be  highly  dependent  on 
elemental  speciation.  Therefore,  elemental  analysis  alone  often  provides  insuffi- 
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cient  information. For example,  a  high  concentration of arsenic  in  blood  could be 
due to  a lethal ingestion of inorganic  arsenic or of shellfish  that  contain  seemingly 
unhardul arsenobetaene. 

The evolution  and  trends  in  elemental  speciation  have  recently  been  as- 
sessed  [386-3881.  Speciation is essential  in  many  developing  areas,  including 
biomedical,  food,  environmental,  industrial  processes,  and  industrial  hygiene. 
Among  the  elements for which  species d e t e ~ n a t i o n  can be necessary  are M ,  As, 
Br,  Cd,  Cr, Cu, Fe,  Hg, I, P, Pb, Pt, Se, Sb, Sn, and  the  actinides  [386]. 

Elemental  speciation  presents  many  analysis  challenges.  Often  species  are 
important at very  low  concentrations. Stable storage is a  problem  as often the 
speciation  changes  over time after the sample is collected. The elemental  specia- 
tion  could  be  changed  by  processing of the  sample.  ICP-MS  has  become  popular 
as  a  detector for separation  techniques  in order to identify  and  quantify diEerent 
species,  as  described  in  a  recent  review  [389].  Different  species  are  separated  and 
introduced into the ICP-MS  as  a  function of time.  Time-resolved  ICP-MS  signals 
then  provide  information on the  species  containing each detected  element  (from 
the  time the signal appears)  as  well  as  specifically  identifying the elements  present 
and  quantitatively  measuring their concentration.  Among the separation  tech- 
niques that have  been  used  with  ICP-MS  detection  are  gas c ~ o ~ a ~ o g r a p ~ y  [390, 
39 l] , liquid  extractions [ 3921, ~gh-pe~ormance  liquid c~omatography [ 393 , 
3941, size exclusion chro~atography [395,396],  and  capillary  electrophoresis 
[24,397]. 

The choice of  TCP-MS is mainly  due to the low  detection limits and  high 
elemental  specificity.  Because the sample  must be physically  transported from the 
separation  column or capillary into the  plasma,  the interface is important.  High 
analyte  transport  efficiency is desirable to obtain  low  detection limits, but care 
must  also be taken  in  designing the interface so that  the  separation is not  degraded. 
Dead  volume  and  induced  laminar Bow due  to the interface E3981 must be 
considered. 

Although there is clear agreement  on the importance of elemental  specia- 
tion,  routine  applications  have  not  grown  as  quickly  as  predicted  [386]. The mar- 
ket  for  commercial  instruments  for  elemental  speciation  has  not  risen  significantly. 
There are several  reasons for this. The initial groups  interested  in  speciation  are 
researchers  who  have  put  together their own inst~ments. Sample  preservation  and 
measurement  without  changes  in  speciation  can  be  problems;  therefore,  court 
cases  based  on evidence  from elemental  speciation  measurements  have  not  been 
successful.  Recently,  an  approach  using isotope dilution  has  been  described to 
assess  quantitatively  and  correct for changes in speciation  during  sample  storage 
and  analysis  [399,400].  Standards are lacking,  in  part  because it may  be  difficult  to 
ensure their  stability.  Elemental  speciation  typically  requires  much more knowl- 
edge about  the sample chemistry  than  does  total  elemental  analysis.  Separation 
systems for specific sample and  analyte  types  must  often be developed.  Therefore, 
there is not  a  method  that is as “universal” as for total  elemental  analysis. 
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For  some  specific cases such  as  Cr(V1)  versus  CR(II1)  measurement  in 
waters, comercial products,  based  on  short  columns  that can be  used  in  a  flow 
injection  mode  with  ICP-MS,  have  become available, Separation  times of less 
than  3  minutes,  low cost, and  convenience  make  this  approach  viable for routine 
use  in  some  applications. 

The importance of elemental  speciation  in  environmental  systems,  bio- 
medicine,  and  other  areas is becoming  more  widely  realized. Initial regulations for 
elemental speciation  [such  as  regulations  specifying  Cr(V1)  measurement  rather 
than  total  Cr  measurement-EPA  7  196A  and  3060A, for example]  are  being 
proposed  and  adopted. 

One of the  main  problems  with  speciation  measurement is that the specia- 
tion  may  change  during  sampling,  sample  preparation, or analysis. ~ u ~ h e ~ o r e ,  
spikes  added to samples for standard  addition  calibration or spike  recovery  mea- 
surements  may  not  remain  as  the  same  species once in the sample. For example, 
oxidation or reduction  can  take  place,  depending  on  the  sample  chemistry.  Re- 
cently, speciated isotope dilution  mass  spectrometry ( S E " )  using  an ICP ion 
source  has  been  developed to account for these  changes  in  speciation  [399]. The 
SIDMS  method  was  used to show  that  Cr(II1)  could be oxidized  during  alkaline 
extraction  using EPA method  3060A  and  Cr(V1)  could  be  reduced  by  using  EPA 
method  7  196A,  leading to errors [400]. 

Speciation of As  has  been of great interest because of the wide  range of 
sp~cies-dependent toxicity. €PLC coupled  with  ICP-MS  has  been  used  to  mea- 
sure  arsenite  and  arsenate,  monomethylarsonic  acid,  dimethylarsinic acid, arseno- 
betaine,  and  arsenocholine  in  mussels  and  fish  [401]. A Dionex  AS7  column  with 
an  on-guard AC7 column  was  used. A gradient  mode  separation  was  carried  out 
by using  a  bicarbonate  buffer  mobile  phase.  Detection limits were  in  the  0.001-  to 
O.O03-~M range.  Cation-  and  anion-exchange  HPLC-ICP-MS  were  used to mea- 
sure arsenic  speciation in shrimp, crab, fish,  fish  liver,  shellfish,  and lobster [402] 
as  well  as  human  urine  [403].  Ion  exchange  HPLC-ICP-MS  was  used  to  monitor 
the bioavailability  and  speciation of  As in carrots grown  in  As  contaminated  soil 
[404]. H P L C - ~ C P - ~ S  was  also  used to study  arsenic  speciation  in soils as  a 
function of  pH  [405]. Capillary electrophoresis-ICP-~S has also been  used for As 
speciation in drinking  water  [406]. 

Several  potential  problems  with  As  speciation  have  been  described [4-071. 
ArCl+ causes  a  spectral  overlap in ICP-MS  detection.  Speciation  can  change 
between  the  time the sample is obtained  and  when it is measured.  Field  separations 
or preservations  can be developed to prevent  that  problem.  Particulates  in  drinking 
water  can  contain  a  significant  portion of the As, so filtering the sample  without 
also analyzing the composition of the  particulates  can  lead to measurements  that 
are  too  low  [407]. 

Selenium  speciation  has also been  measured  by  a  variety of approaches for 
several different  applications. Size exclusion  chromatography  was  coupled  with 
ICP-MS  detection to measure  selenium  speciation  (especially Se-cont~ning pro- 



teins) in  human serum [408]. Selenite and selenate were  measured by gas 
chromatography-(GC)-ICP-MS after derivatization  [409]  using  isotope  dilution 
calibration.  HPLC-ICP-MS  was  used  to  measure  selenium  species  in  gastroin- 
testinal  extracts of cooked  cod  [410].  Retention  times for selenomethionine, 
selenocystine,  sodium  selenite,  and  sodium  selenate  standards  were  determined. 
One of the  peaks  observed  from the gastrointestinal extracts did  not  match  any of 
the  standard  compounds  but  appeared to be  consistent  with  an  organic  species. 
This  points  out  one of the  limitations of separation  techniques  coupled  to  ICP-MS. 
The retention  or  migration  time is used  to  identify  the  species,  but  this  may  not be 
unequivocal  (in  contrast  to  the  certainty of the  identification of a particular 
element in a sample  using  ICP-MS).  Capillary  electrophoresis-ICP-MS  was  used 
to  measure  selenium  species  in  human  milk  and  serum  with  detection limits in the 
10- to 5O-pgL range [41 l]. 

Chromium is used  in a number of industrial  processes  and,  as  noted,  has 
toxicity that is highly  dependent on its speciation. The combination of ion  chroma- 
tography  and  ICP-MS  detection  has  been  used to measure  Cr(II1)  and  Gr(V1)  in 
waste  water  [412].  Ion-pairing  HPLC-ICP-MS  was  used  to  measure  chromium 

* species  in  seawater  [413].  Speciation of chromium  dyes  was  also  reported by 

Transport of metals  in  the  environment is critically  dependent  on  speciation. 
Often  metals  are  associated  with  colloidal  materials, fulvic acid, or humic  acid. 
Extensive  research is ongoing  to  study  the  uptake  capacity of these  materials as 
well as minerals, the distribution of elements  in  natural  water  samples,  and 
species-dependent  means of remediation.  Speciation of yttrium  and  lanthanides  in 
natural  water  has  been  reported [4 151 using size exclusion  chromatography  and 
ICP-MS.  Multistage  filtration  has  also  been  used  with  ICP-MS  measurement of 
the  separated fractions [416].  Kinetic  studies of metal  uptake  rate as a function of 
EDTA,  NTA,  and fulvic acid  concentrations  in  the  water  have  been  described 
[417]. 

Speciation of tin  and  lead is important  in  identifying  their  source  in the 
environment  and  pathway into humans  and food. Organotin  compounds  were 
commonly  used  in  paints for ocean  ships  but  are  toxic to humans.  Dibutyltin 
(DBT),  tributyltin  (TBT),  diphenyltin  (DPhT),  and  triphenyltin  (TPhT)  were 
measured  in  harbor  water [41 S] and  fish  [419].  Organolead  compounds  were 
commonly  used  in  gasoline  and still are  in  some  countries.  Ion-pairing  reverse- 
phase  liquid  chromatography  with  ICP-MS  detection  was  used to measure in- 
organic Pb2+, triethyllead,  triphenyllead,  and  tetraethyllead  [420].  After  derivatiz- 
ation,  GC-ICP-MS  has  also  been  used  [421]. 

HPLC-ICP-MS [4 141. 

Inductively  coupled  plasma  mass  spectrometry is becoming  more  and  more 
popular  because of the  low  detection  limits,  high  selectivity,  and  rapid  multiele- 
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ment  analysis.  Convenient,  rapid  semiquantitative  analysis  and isotope measure- 
ments  are  additional  capabilities  that  make  ICP-MS  popular. As indicated by the 
wide  range of applications,  ICP-MS  currently  provides  solutions  to  analysis 
problems  in  a  wide  range of disciplines. 

Substantial  improvements  have  been  made  in  ICP-MS  instruments just over 
the  last  few  years  and further advances  are  on the horizon. The quadrupole  ICP- 
MS  instruments  have  become  smaller,  more  sensitive, easier to use,  and less 
expensive.  Sector-based  ICP-MS  instruments are growing  in  popularity  and  per- 
formance,  although  they  are still expensive  compared  to  quadrupole  instruments. 
Second-  and  third-generation  sector-based  instruments  hold  promise for further 
performance  improvements.  Multicollector  sector-based  instruments  that  were 
previously  useful  only for isotope ratio  measurements  may  now  provide  excellent 
elemental  analysis  performance  as  well,  because of  new inst~ment  designs. 
Detection limits and  precision  provided by time-of-flight  instruments  have  im- 
proved,  and  commercial  instruments  have  recently  become  available.  Further 
improvements  in  sensitivity  may be possible.  The  speed of complete  spectral 
acquisition  provided  by  time-of-flight  ICP-MS  could be particularly  valuable  with 
sample  introduction  systems  that  produce  transient  signals,  such  as laser ablation, 
electrothermal  vaporization,  and  capillary  chromatography.  Laser  ablation  solid 
sampling  continues to improve  with the use of ultraviolet (UV) lasers  and  flat 
beam  profiles. Sample introduction  systems for solution  samples  also  continue  to 
improve.  Systems  with  high  analyte  transport  efficiencies  and  membrane  desolva- 
tion  are  particularly  promising. 

ICP-MS  currently  has  several  limitations.  Research  continues  to  develop 
new  ways to overcome  these  limitations  and  improve  ICP-MS  performance 
further.  At the same time steps  to  lower  the  instrument  cost continue to  progress. 

Spectral  overlups, particularly  those  due  to  polyatomic ions, remain  a 
problem in many  applications.  High-resolution  mass  spectrometers  can  overcome 
many,  but  not all, of these  overlaps. The use of reaction cells to remove  particular 
molecular  ions  chemically is an  exciting  development  that  could  have  a  major 
impact  on  ICP-MS  performance. 

C~emicul  matrix effects  due to space-charge  ion  transmission  loss  remain  a 
problem.  Concentrations of heavy  ions  as  low  as 100 ppm  can  affect  sensitivity 
and  therefore  produce  an  analysis  error.  Perhaps  alternative  designs  will  reduce 
space-charge  effects,  but  can the space-charge  effects  be  significantly  reduced 
while m~ntaining or continuing  to  improve  sensitivity? 

~ e p o s i t i o ~  of sample  on  the  sampler,  skimmer,  ion  optics,  and other parts of 
the interface  can  lead to elevated  blank levels as  well  as  drift.  This, in  omb bin at ion 
with  the  space-charge-induced  chemical  matrix  effects,  often  requires  further 
dilution of samples  than is desirable.  This  can  also limit the  range  of  concentra- 
tions  that  can  be  measured for a  set of samples  even  though the dynamic  range 
may  in  theory  be  sufficient.  An  improved  understanding  of the chemical  and 
physical  characteristics of the  deposition  process  and  means to minimize  them is 
needed. 
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~ a ~ ~ ~ e  ~ n t ~ Q d ~ c t ~ Q ~  systems still require further improvement in terms of 
efficiency, noise, solvent removal, and ease of  use. Analysis of small volumes is 
becoming  more c o m o n  with micron~bulizers and  efficient desolvation systems. 
However, these systems are  often more diffkult to use than conventional 
nebulizer/spray chamber systems. Nebulizer clogging and fouling of membrane 
desolvators by aerosol remain problems. Smple  in~oduction systems that may 
provide nearly 100% analyte transport efficiency at sample uptake rates of more 
than 0.5 nL/min may be within reach. As the mount of sample entering the 
plasma increases, chemical matrix effects tend to become  more severe. Calibra- 
tion for laser ablation sampling is  still a problem because of sam~1e”dependent 
changes in the  amount of material ablated and elemental fractionation, although 
progress has  been  made. Electrothermal vaporization still requires the art of 
modifiers;  again progress is being made. 

~ n s t ~ ~ ~ e ~ t  and ~ u i n t e ~ a ~ c e  costs  are high. Prices range from about 
~180,000 (U.S. dollars, 1998) for quadrupole i n s ~ m e n t s  to almost ~1,000,000 
(U.S. dollars, 1998) for a fully capable multicollector sector-based i n s ~ m e n t  
and laser ablation sampling. About 10 to 20 L/min of Ar is used by the ICP. 
Sam~ling and skimmer cones cost $800 to $3000 (U.S. dollars, 1998), depending 
on material. Detector lifetime may be less than 1 year.  Vacuum  pumps have 
limited lifetimes. Of course, the rapid multielement analysis capabilities, low 
detection limits, and isotope measurements often provide information that makes 
ICP-MS successful financially as well  as  scientifically. 

~ntelzigent i n s t ~ ~ ~ e ~ t s  could  broaden the use of ICP-MS  while enhancing 
analysis reliability. The effect of spectral overlaps, chemical matrix effects, and 
drift due to sample deposition or orifice clogging may  not  be obvious to the 
operator unless knowledge of the sample chemistry is sufficient or procedures are 
specifically designed to check for these potential problems. Because the instru- 
ments can rapidly scan the entire mass spectrum, information on components in 
the sample at high concen~ation, changes in background ion signals, and isotope 
ratios might be used as part of a diagnostic system built into the instrument. 
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Secondary  ion  mass  spectrometry  (SIMS) is a highly  sensitive  surface  technique 
for characterizing  materials. The procedure is based  on  the  mass  analysis of ions 
created  when  an  impinging  beam  strikes  the  surface of a solid  (or liquid, in a few 
special  applications).  The  impinging  ion  beam,  usually  referred to as the   rima^ 
ion beam, is generally  accelerated to energies  between  0.2  and 40 keV. Figure  4.1 
shows  the  essential  elements of SIMS. 

Because SMS is a mass analysis  technique, it is possible  to  analyze for all 
elements  and to measure  isotopic  abundances of those  elements  having  more  than 
one isotope. The removal of surface layers, a few  atoms  at a time,  allows  high-res- 
olution  depth  profiling into the  nanometer  range. Mass imaging  with x-y resolu- 
tion of  4-8  nm is theoretically possible [ 1,23 and  20-nm resolution has been 
achieved [3]. With the application of computerized data collection  and  analysis, 
three-dimensional  imaging is available.  In  general  the  technique is highly  sensi- 
tive,  with  detection limits extending  to  parts  per  billion  in  favorable  cases.  These 
strengths  have  led to its application  in  fields as diverse as genetics,  semiconduc- 
tors,  polymers,  metallurgy,  geology,  and  catalysts. The following  discussion of 
SIMS is limited to inorganic  applications. 

The history of SIMS began  with  the father of mass  spectrometry, J.  J. Thomson 
[4], who reported the emission of “secondary  Canalstrahlen” when “primary 
Canalstrahlen  strike  against a metal  plate.”  Further  studies  on  secondary  ion  phe- 
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1 Essential  elements of secondary  ion  mass  spectrometry. 

nomena  were  slow  in  coming.  In 193 1 Woodcock  published the first  spectra of neg- 
ative  secondary  ions  produced by bombarding NaF and CaF,  with 500 eV Li+ ions 
[5]. Sloane and  Press  [6,7] a n d h o t  and  Beckett [S] in the late 1930s  studied  neg- 
ative  ion  formation  resulting  from  ion  bombardment of metal  surfaces. Sloane and 
Press  designed  a  mass  spectrograph  that  accelerated  positive  ions  through  a  mag- 
netic field onto a target. Negative ions from the target  were accelerated back 
through the same magnetic  field to a  Faraday cage detector. 

In  1949  Herzog  and  Viehbock  reported  a  novel  “ion  source for mass  spec- 
trography”  (Fig. 4.2) [9]. This source  provided  separate  accelerating  fields for the 
primary  and  secondary  ions  and  thus  became the first  modern  instrument  designed 
specifically for SIMS. The design  included  acceleration of the positive  secondary 
ions  from an equipotential  surface  through  an electric field  acting  as  an  electron- 
optic  lens. 

Increasing  interest  in SIMS was  evident in the late 1950s  with  publications 
by  Veksler  and  Ben’iaminovich [lo], Honig Ell], Bradley [lz], and  Stanton  [13]. 
In the early  1960s the technique  was further boosted by  new developments  in in- 
s~mentat ion leading  to the first  commercial  instrument  (Geophysics corporation 
of America),  based on designs by Liebl and  Herzog [ 141. This i n s ~ m e n t  [ 151 used 
a  high  brightness  source,  the  duoplasmatron-based  on  a  design by V. Ardenne 
[ 161-and produced  a  small  primary  beam  spot, -300 pm diameter. The develop- 
ers demonstrated  the  high  sensitivity of SIMS by d e t e ~ i n i n ~  limits of detection 
for a  number of elements.  This  was  also  the  first  observation  that  ion  yields  vary 
greatly from element  to  element [ 1 5,171. 
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Ion  source of Herzog  and  Viehbock: A, ion  source  (canal  ray  tube)  at  inde- 
pendent  potential; B, primary  beam; C ,  sample; D and E, i ~ e r s i o n  lens,  independent po- 
tentials.  (From  Ref. 9.) 

In 1962 Castaing  and  Slodzian [ 18,191  reported  the  development of the  sec- 
ondary  ion  microscope  (Fig.  4.3). This was the first  microscope to have  mass  analy- 
sis capabilities  and the first  imaging  SIMS  instrument. In this inst~ment,  the sput- 
tered  ions are collected  by  an  immersion lens, passed  through  a  stigmatic  magnetic 
field,  and  projected onto an  ion-to-electron  converter  that  accelerates the electrons 
to a  fluorescent  screen,  where  a  mass  analyzed  image of the sample  surface is 
formed.  Rouberol et al., at Cameca  Instruments,  developed  an  improved  version 
of this  instrument in 1968 [20,21], the IMS-300  (Fig.  4.4).  Unique features of this 
instrument  were the Castaing-Henry  magnetic  prism  [22,23]  and  an  electrostatic 
mirror for mass  and  energy  filtration  that  maintained  the  optical  axis  of  the  mi- 
croscope. The IMS-300  imaged  a  field of view  165-330 pm with  a lateral resolu- 
tion  to  about 1 pm Mass  resolution of  -1000 could be achieved. 

In 1967 Liebl reported  the  development of the first  imaging  SIMS  instru- 
ment  based  on  the  principle of focused  ion  beam  scanning  [24]. This instrument, 
the ion  microprobe  mass  analyzer,  was  produced  by  Applied  Research  Laborato- 
ries  (Fig.  4.5). It used  an  improved  hollow  cathode  duoplasmatron  [25]  ion  source 
that  eliminated  filaments  used in earlier sources  and  allowed  stable  operation  with 
reactive  gases. The primary  ion  beam  was  mass  analyzed for beam  purity  and fo- 
cused  in  a  two-lens  column to a  spot  as small as 2 pm. The secondary  ions  were 
accelerated  from the sample  surface into a  double  focusing  mass  spectrometer of 
Mattauch-Herzog  geometry.  Both  positive  and  negative  secondary  ions  were  de- 
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SLIT 

First ion microscope of Castaing and Slodzian. (From Ref. 18.) 

tected  in  a  manner  similar  to  that  described by Bernhard et al.  [26].  Isotope  de- 
flector  plates  (Fig. 4.6) between  the  secondary  magnet  and  the  detector slit allowed 
rapid  sweeping of the secondary  ions  across the detector  slit.  Mass  resolution  was 
on  the  order of 600. 

In 1965  Long  published  a  proposed  ion  microprobe  analyzer  [27].  Long's 
student,  Drummond,  began  construction  and  in  1967  published  secondary  electron 
micrographs  showing 0.5-pm resolution C281 using  a  primary  beam  column. This 
became  the  basis for the  Associated  Electrical  Industries  (AEI)  Ltd.  SIMS  instru- 
ment  [29]. This instrument  utilized  AEI's  MS702R  spark  source  mass  spectrome- 
ter for secondary  ion  analysis  and  had  a  mass  resolution of -5000, 

Hitachi  announced the development of the  third  commercial  microprobe in- 
s ~ ~ m e n t ,  the ion  microprobe  analyzer  IMA-2  in 1969 [30]. This instru~ent placed 
a  scintillator close to the sample for secondary  electron  imaging. A Wen filter, for 
primary  beam  mass  selection [3 l], and  an  electron  spray, for charge  compensation 
on insulating  samples  [32],  were  added  later. 

In  1969  Benninghoven  introduced  the  concept of static SMS for the deter- 
mination of the chemical  composition of the  uppermost  monolayer of a  material 
[33].  This  technique  required  ultrahigh  vacuum  conditions  and  very  low  primary 
beam  currents,  A/cm2, so that less than  1% of the  surface  was  removed  dur- 
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Figure 6 Isotope  deflector  plates  in  ion  microprobe mass aJi 

ing the analysis. In 197 l Benninghoven  and  Loebach  described  an i n s ~ m e n t  spe- 
cially  constructed for static SIMS [34]  (Fig. 4.7). This i n s ~ m e n t  utilized  turbo- 
molecular  pumping of the mass  analyzed  primary  beam  cdlumn,  and  ion  and  tita- 
nium sublimation pumping of the target  chamber to hieve ultimate vacuum 
( torr). A quadrupole  was  used for secondary  ion  analysis. 

In the late 1960s and  early 1970s, much  effort  was  focused  on  development 
of secondary  ion  emission  models  in  the hope of placing  quantitative  SIMS  analy- 
sis on  a  good  theoretical  footing. A brief outline of these  models  has  been  given 
by  Schroeer  [35]. One extensive  model  was  developed  by  Andersen  and  Hinthorn 
[36"38]; it was  based  on the concept of a  local  thermal  equilibrium  among  the 
atoms,  molecules, electrons, and  ions  formed  in the sputtering  process. The Saha- 
Eggert  ionization  equation E39411 was  used  to calculate the  equilibrium  constant 
for the secondary  ions.  Andersen  and  Hinthorn  developed  a  computer  program, 
Corrections to Applied  Research Laboratories Ion Sputtering Mass Analyzers 
(CARISMA), for quantification  based  on  this  model. 

Wittmaack  developed the first  quadrupole-based  imaging  SIMS i n s ~ m e n t  
in  1975  [42]. This i n s ~ m e n t  was  commercialized  in 1976 by  Atornika  Technis- 
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and Loebach. (From Ref, 34.) 

che Physik as the Atomika  Dynamic  In  Depth  Analyzer (ADDA) [43]  (Fig.  4.8). 
The primary  beam  was  purified by using a Wien  filter. Ion energy  was  adjustable 
between l and  15 keV. 

In  1977  Cameca  introduced  an  improved  stigmatic  ion  microscope,  the M S -  
3f  E441 (Fig.  4.9).  This  instrument  used a double-focusing  Nier-Johnson  geometry 
mass spectrometer for secondary  ion analysis with  mass resolution of .~5000. 
Transfer  optics  were  designed  that  tied  sensitivity of the  instrument  to  the  imaged 
area. The primary  beam  could be focused to 1-2 pm.  Depth  profiling  with a dy- 
namic range of seven  decades  was  demonstrated for boron in silicon  using  beam 
rastering  and  field  aperturing (to eliminate  crater edge effects). This instrument 
was  the  first of the f series of Cameca  instruments  that  use the same  basic  design. 
The 4f introduced  in  1985  provided  scanning  probe  imaging as well as stigmatic 
microscopic  imaging. 

An  important  development for the  field  was the institution of an  international 
conference  dedicated  to  secondary  ion  mass  spectrometry.  Benninghoven  hosted 
the  first  conference  in  Muenster,  Germany,  in  September  1977.  The  proceedings 
were  not  published,  but  led  to  the  formation of an  International  Organizing  Com- 
mittee  and the establishment of the Second Inte~ational Conference  on  Secondary 
Ion  Mass  Spectrometry  (SIMS 11) at  Stanford  University,  Stanford,  California,  on 
August 27-3 1, 1979.  The  proceedings of this  conference  were  published  through 
the  efforts of the local  organizers  [45]. An international  conference  has  been  held 
every  2  years  since. The history of the field since 1979  may  be  followed  through 
these  proceedings. 
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A-DIDA System 1  ion  Source 
2 Extraction  Electrode 9 Beam  Deflection  16  Sam le Holder  (opt.) 

8 Gate  Valve  15  Target  Manipulator 

3 Acceleration  Electrode  10  Orfice  (optlonal)  17  Blana)  Po? 
4  Insulator 
5  Cover 

11  Beam  Monitor (opt.) 18 Energy  Filter 

6 Turbomolecular  Pump 13 UHV-Pump 
12 View  Port  19  Mass  Spectrometer 

7  Orifice 
20 Particle  Multiplier 

14 Blank  Port 

Atomika  Dynamic In Depth  Analyzer  (ADIDA), quadrupole-based-imaging 
secondary ion mass  spectrometry (SIMS) instrument. 

The development of high-brightness  field  desorption  liquid  metal  ion  sources 
allowed sub~crometer images  to be obtained.  In  1975  Krohn  and  Ringo  suggested 
that a finely  focused  liquid  metal  ion  source  could be used for scanning  probe  SIMS 
imaging  [46].  In  1979  Seliger et al.  demonstrated a liquid  gallium  ion  source  with 
a 100-nm-diameter  beam  with a current  density of 1.5 Ncm2 [47].  In  1980  Prewitt 
and  Jeffries  obtained the first  secondary  ion  images,  using a liquid  gallium  source 
E4.81. A notable  application of the  liquid  metal  ion  source  was  the  development of 
a high-image-resolution  SIMS  instrument by Levi-Setti  and  coworkers  at the Uni- 
versity of Chicago  [49]  (Fig.  4.10). This instrument  operated  in  the 4.0- to 60-keV 
range and  demonstrated  image  resolution of 20 nm  with a 4.0-keV  In* probe  [3]. 

The application of time-of-flight (TOE;) mass  spectrometers to SMS was 
first  reported by Chait and  Standing  in 198 1 [so]. Their  instrument  used a pulsed 
alkali metal  ion  source  and a linear  flight  tube.  Steffens et al.  developed an im- 
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f 1 Ion gun 

2 Specimen 

3 Immersion  lens 

4 Entrance  slit 

S Electrostatic  analyzer 

6 Energy slit 

7 Image transfer  lens 

8 ~lectromagnet 

9 Final slit 

10 Projection  lensas 

11 Deflector 

12 Chann~l-plate 

13 Fluorescent  screen 

14 Electron  multiplier 

15 Faraday  cup 

ure 9 IMS-3f, improved  Stigmatic  ion  microscope,  Nier-Johnson  geometry. 

proved TOF for SIMS that had a mass analyzed, pulsed  primary  beam  [51]. This 
ins t~ment  had  two linear drift spaces, with a 163" electrostatic sector between, 
and  provided  energy focusing, stigmatic imaging of the  secondary ions, and a mass 
resolution of about 750.  Niehuis et al.  improved  the  mass resolution of the  TOF 
SIMS to about 7000 (10%  valley) by using  an ion reflector (reflectron-type ana- 
lyzer) that reflects the secondary ions at  an angle of 177"  and  provides second- 
order energy focusing [52]  (Fig.  4.1  1).  Waugh et al.  [53]  and  Eccles  and  Viclceman 
[54] reported combining a liquid metal ion source with a TOF SIMS for high-spa- 
tial-resolution imaging. Schueler et al.  developed a stigmatic imaging  TOF sec- 
ondary ion microscope that employed thee electrostatic analyzers in the second- 
ary co lum E551 (Fig.  4.12). A dual-~crochannel plate detector was  followed by 
a resistive anode encoder for position infomation. This i n s ~ ~ m e n t  achieved a lat- 
eral resolution of 1 pm in a 60-pm image field.  Mass resolution was  -3000, 

In 1982 Compsten et al.  [56]  reported  the design and  performance of the Sen- 
sitive High-Resolution Ion Micro Probe (SHRIMP I), a large double-focusing 
SIMS i n s ~ m e n t  designed specifically for d e t e ~ n i n g  the  Pb isotopic ratios re- 
quired for dating zircons using the U-Pb  decay  systems. To maximize transmit- 
tance of the secondary analyzer at high  mass resolution (lO,OOO), the designers 
used a large (l .3-m-radius)  cylindrical  electrostatic  analyzer (an electrostatic 
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High-mass-resolution time-of-flight instrument with reflectron analyzer. 
(From Ref. 52.) 
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quadrupole  lens)  followed  by  a  large  1.0-m-radius  magnetic  sector  (Matsuda  ge- 
ometry  [57]).  Clement  and  Compsten  [58]  added  a  “Kohler”  aperture  in  the  pri- 
mary  column  after  the  first lens in  an  updated SHRIMP I1 (Fig.  4.13). The first lens 
illuminates  the  Kohler  aperture,  and the source  aperture is imaged  on  the focal 
plane of the second  lens. The resulting  “Kohler”  focusing  provides  a  very  uniform, 
  at-bottomed sputter  crater  without  rastering. The size of the  Kohler  aperture  de- 
termines the primary  beam  diameter. A reverse  geometry  (RG)  (magnetic  sector 
before  electrostatic)  version, SHRIMP RG,  was  completed  in  1998  [59]. The re- 
verse  geometry  gives four times the mass  dispersion  and  thus  better  mass  resolu- 
tion.  Abundance  sensitivity is improved  with the mass separation  first,  but  the  pos- 
sibility of simultaneous  collection of isotopes is relinquished. 

Another  large  instrument  with  emphasis  on  high  transmission at high  reso- 
lution for isotopic meas~ements in  geological  applications is the  IMS  1270 [60]. 
This  instrument is similar  in  design  to  the MS-3f and other Cameca f-series in- 
struments  but is much  larger. It operates  in either rnicroprobe or microscope  mode, 
Four  auxiliary  detector  assemblies,  containing  an  electron  multiplier  or  Faraday 
cup plus  the  central  beam  primary  detector,  provide  simultaneous  detection of five 
isotopes. 

Hillion et al.  [61]  reported  the  development of the Cameca ~anoS1MS 50, a 
commercial  instrument for the  analysis of submicrometer  features. This instru- 
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MAGNET 
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\ 
ELECTROSTATIC A ~ A L Y Z E ~  
Ener~,A~lysis 

PRIMARY  COL^^^ 
Primary Probe Beam 

SOURCE CHAMBER 
Secondary  Beam 

COLLECTOR 
Secondary Bern ~ ~ t e c t ~ o n  

I 
SAMPLE 

Sensitive ~gh-resolution ion  micro  probe ( S ~ P  H) high-mass-resolution, 
~gh-sensitivity instrument  designed  for  isotopic  geochronology,  dimensions  in  millimeters. 

ment,  based  on  an original design by G. Slodzian, features 50-nm  resolution  with 
a CS source  (Fig.  4.14). The design  incorporates  normal incident primary  ions  and 
normal  extraction of secondary  ions  (coaxial) to optimize  objective lens perforrn- 
ance  and  ion  collection.  This requires that  primary  and  secondary  ions  be of op- 
posite  polarity.  Thus, CS+ primary is used to produce  negative  secondary ions, and 
0- primary is used to produce  positive  secondary ions. The analyzer is based on 
the  Mattauch-Herzog  geometry  and  includes  five  movable  detectors for parallel 
ion  detection  and  simultaneous  secondary  electron  imaging. 

In  response to the  necessity for SMS to provide  profiling  with  resolutions 
approaching or exceeding  1  nm,  Dowsett et al.  developed  an  ultralow-energy  float- 
ing ion  gun (FX,IG) [62] for semiconductor  processing.  This  gun  was  designed to 
maintain  high  profiling  currents  with  energies  between 200 eV  and  5  keV  (Fig. 
4.15).  Depth  resolution of 1  nm  and  currents >l pA at 1 keV  and  >200  nA  at  250 
eV on spot  sizes of 100 pm were  reported;  a 30-pm probe size was  achieved. 

Some  good  books,  reviews,  and  historical  perspectives of the  field  of  sec- 
ondary  ion  mass  spectrometry  have  been  published,  including sec on^^^ Ion se ss 
S ~ e c t r o ~ e t ~ ,  proceedings of a  workshop  held at the National  Bureau of Standards 
in Gaithersburg,  Maryland,  September 16"18,1974 [63]. The proceedings include 



Secondary  Ion  Mass  Spectrometry 

N sou 

I 73 

ure 14 Ion optical system of the N ~ o S ~ S  50 high-spatial-resolution, high-mass- 
resolution sc~ning-probe  ins~ment .  (From Ref. 61 .) 

reviews of inst~mentation by H. Liebl  and of optics by G. Slodzian  and discus- 
sions of quanti~cation and  applications. A good  introduction to SIMS was  written 
by J. A.  McHugh  in Methods of S u ~ a c e  Analysis, edited  by  A. W. Czanderna [64]. 
R. E. Honig  gives a personal  view of the  development of SIMS  in the SIMS V pro- 
ceedings [65]. An excellent  review, Mass  Ana~yzed  Secondary  Ion  Microscopy by 
Bernius and  Morrison,  appeared in re vie^ of Scienti c I n s t ~ ~ e n t s  in 1987  [66]. 
A comprehensive test, Secondary  Ion  Mass  Spe~trometry:  Basic  Concepts,  In- 
strumental  Aspects,  A~plications  and  Trends, by  Benninghoven et al.  also  appeared 
in 1987  1671. In 1989, two  additional  textbooks  on SIMS were  published: Sec- 
ondary  Ion  ass Spectrometry:  Principles  and  Applications, edited  by  Viclceman 
et al.,  which is especially  strong  in the area of static SIMS [68], and Secondary  Ion 
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Floating  ion  gun for lowenergy depth  profiling [62]: (lo), extraction aper- 
ture; (1 l), extraction  collimating aperture; (12), objective aperture. 

 ass Spectromet~:  A Practical  andb book for Depth  Pro ling and Bulk ~ m p u r i ~  
Analysis, by  Wilson et al. [69]. This  book is focused  on  profiling  and  quantitative 
analysis  primarily  in  semiconductors  and  contains  many  tables of relative  sensi- 
tivity factor (RSF) data, profile  illustrations,  and SIMS spectra. 

When  an  ion  beam  in  the  energy  range of 0.2-40 keV  strikes  a  solid  surface, it may 
collide  with  a  surface  atom  and  rebound,  but  this is a  low-probability  event.  Most 
ions  penetrate  the  surface,  lose  their  energy  through  a  series of collisions  with lat- 
tice atoms,  and come to rest in the solid. The atoms in the solid, energized by the 
primary  collisions, in turn collide with  other  atoms,  creating  a  zone of damage  and 
atomic  mixing in the  solid. A portion of the  collisional  energy is directed to the 
surface  and  causes  atoms  and  molecules to be ejected  from  the  surface.  This  process 
is known  as sputter in^. In the  sputtering  process,  a  fraction of the surface  atoms 
are  ionized.  The  ions that are  created  and  accelerated  from  the  surface  successfully 
are  used  as  the  basis of the SIMS analysis.  Figure 4.16 illustrates the  basic  sput- 
tering  process.  Sigmund  has  described  many features of the  sputtering  process  with 
a collisional cascade  model [70]. This model,  however, does  not predict  ion  yields. 

The atomic  sputtering  yields  determine the rate  at  which  material is removed 
and  thus  determines  the  depth  profiling  rates.  These  yields  are  a  function of the 
sample, the bo~barding ion,  and the energy  and  angle of the bombarding  ion  with 
respect  to the sample. A simple  model  developed by  Rol et al. [71] illustrates the 
general  sputtering  parameters: 
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Representation of ion-solid interaction and sputtering process. (From Ref. 64.) 

S ~ ~ ~ o ~ ~ , i o ~ ~  = ck(~R2no/cos Q, )li"M2/(" 3- M2>21q) (4.1) 

where S is the atom  yield,  c is a  proportionality  constant, k is a  negative  exponen- 
tial function of the  binding  energy of the  surface  atoms  [72], R is the  collision  ra- 
dius calculated by using  a  rigid  sphere  model, no is the number of lattice atoms  per 
unit  volume, Q, is the  angle  between  the  sample  normal  and the direction of inci- 
dence, M ,  and M2 are the masses of the  bombarding  and  target  atoms,  respectively, 
and Eo is the energy of the bomb~ding ion. The term ( ~ R 2 n ~ )  is the  reciprocal of 
the mean free path of the ion  in the solid. This  equation illustrates the effects of in- 
cidence angle,  mass  and size of the  target  and  bombarding ions, surface  binding 
energy,  and  energy  of the incident  ions. It also explains the finding that sputtering 
rates  are  minimized for bombarding  directions  in  which  the crystal is transparent 
(the  mean free path for the ion is the greatest),  and  maximized  in the directions  in 
which crystal density is greatest  (mean free path for the  ion is least). The equation 
was  developed for the  energy  range 5-25  keV. At  higher  energies  the  bombarding 
ions begin to go so deep into the solid  that the fraction of energy  available at the 
surface for sputtering is reduced.  The  applicability of this  equation is demonstrated 
by  comparison of theoretical  sputtering  yields  and  experimental  sputtering  yields 
measured  by  using  noble  gas  ions  to sputter gold 1731 (Fig.  4.17).  In  general,  sput- 
tering  yields for a  given  bombarding  ion vary by  factors  up to about  100  and  in  a 
periodic  fashion,  as  shown  by  the  data of  Almkn and  Bruce C721 and  Wilson  and 
Brewer 1741 in  Fig.  4.18 for 45  keV Q+ sputtering. 
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Comparisons of gold sputter yields as a function of mass of bomb~ding ion 
with calculations of Rol's collision model. (From Ref. 73.) 

The  depth of penetration of the primary ion and the width of the damage  zone 
in the solid increase with  the  energy of the  primary  ion.  Thus, in profiling,  in  which 
depth  resolution is important,  lower-energy  ion  beams  are  used  to  keep  the  dam- 
age zone as narrow as practicable. Figure 4.19 shows the effect of primary  ion  en- 
ergy on profile  resolution [75]. Depth  resolution also depends on the angle of im- 
pact. Impact angles are normally  quoted as degrees off noma1 incidence. Ion 
beams striking at larger  angles  penetrate  to  shallower  depths  and,  thus,  provide 
greater  depth  resolution. 

A number of  efTects lead to loss of profile  depth  resolution. The effect of 
crystallite orientation on sputtering  rate is shown  in  Fig. 4.20, in  which l 0  keV &+ 

ions  at 50" incidence  were  used to sputter p o l y c ~ s t a l ~ n e  iron 1761, This ion  etch- 
ing  may be useful to bring  out  grain  structure  but leads to loss of depth  resolution 



Secondary  Ion  Mass  Spectrometry 

l 

I+ 

0 

I77 

Periodic  relationship  observed for sputtering  yields.  (From  Ref. 71 and 74.) 

when  profiling  a  field  containing  more  than  one  grain.  With  extensive  sputtering 
on  crystalline  surfaces,  ripples,  cones,  and  other features that  can  have  deleterious 
effects  on  depth  resolution are often  created.  Figure  4.21  shows SE 
of ripples  formed  in  (100) Si after  sputtering  with 6 keV 02+ to depths of 2.1,2.8, 
and 4.3 pm [77], T s u n o y ~ a  et al.  [78]  found that the  development of surface  struc- 
ture when sputtering with 02+ was related to the binding  energy, B,,, of the 
mono~ide ~~ for the target  atom M .  Where B,, was  high, for example, Si and 
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Surface topography effects on polyc~stalline iron surface after sputtering 
with 10 ke'v Kr+ ions at 50" incidence. (From Ref. 76.) 

Sputter crater bottoms in (100) Si after 6 key O,+ sputtering to different 
depths: (left) 2.1 pm; (center) 2.8 pm; (right) 4.3 pm. (From Ref. 77.) 



Surface topography on 20 keV 0,' bombarded surfaces: a (above), silicon 
(high B,,); b  (above), g e ~ ~ i u m  (high B,,); a (below), tin (low B,,); b  (below), alu- 
minum  (low B,,). Doses -1 X loi9 ions/cm2. (From Ref. 78.) 

Ge at 8.3 and 6.8 eV, respectively, the ion-bombarded  area  was quite uniform,  but 
as B,, decreased,  more  surface  topography  developed.  Their §EM images of Si, 
Ge,  Sn,  and A1 after  sputtering  with 20 keV O,+ are  shown in Fig. 4.22. Rotation 
of the  sample  (sometimes  called a l a r  rotatio~) [79] is commonly  used  with off 
normal  incidence  sputtering to minimize  the  formation of sputter-induced  topog- 
raphy, 

Surface  roughness,  primary  beam  current  density  uniformity,  and  primary 
c u ~ e ~ t  stability  are  extrinsic factors that  affect  the  flatness of the  advancing crater 
bottom  and  thus  depth  resolution.  Usually  electronic or mechanical  aperturing is 
used  to  limit  collection of secondary  ions to the  central,  flattest  portion of the  sput- 
ter  crater,  thereby  reducing edge effects  and m a x i ~ z i ~ g  depth resolution, Elec- 
tronic  aperturing is used  with  microprobe inst~ments in  which  the  primary  beam 
is deflected  in a raster pattern, The electronic  aperture  allows  counting  to  take  place 
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only  when the beam is located  within  a  preselected  portion of the raster.  Mechan- 
ical aperturing is used  with  microscope  imaging  instruments. 

A neutral  component of the  primary  beam is formed  when the primary  ions 
collide with  residual  gas  in  the  primary  beam  column.  This  component is mini- 
mized  by  designing  the  primary  column for rapid  pumping to maintain  ultrahigh- 
vacuum  conditions. The neutral  component is not  focused  and  thus  sputters  sur- 
faces around the crater formed by the ion  beam.  If  elements  at the surface  are  being 
profiled,  the  continued  presence of these  elements,  due  to the neutral  beam  sput- 
tering,  leads to errors  in the profile  and limits the dynamic range of the  profile. 
Coating  the  surface  with  a  thin  layer of a  nonprofiled  element  reduces  the  effect. 

Gross  discrepancies  from  actual  in-depth  distribution  can  result from elec- 
trical or chemical  potential  gradients  produced  as  a  result of the ion  bombardment, 
Electrical gradients  that  are  created by charge  buildup of imperfectly  compensated 
insulators  can  have  dramatic  effects,  as  shown  in  Fig.  4.23,  where  sodium is pro- 
filed  in  silicon  dioxide  on  silicon [SO]. With  positive  ion  bombardment  the  insula- 
tor is charged  positively,  driving the electropositive  sodium into the  matrix.  When 
the  conducting  silicon  substrate  was  reached, the charging  field  collapsed  and  a 
large spike of sodium  was  encountered  as  the sodium lost its mobility.  Gibbsian, 
or chemical  potential,  segregation  effects  have  been  demonstrated by  profiling  a 
number of oxides  with  widely  varying  heats of formation  in  a  silicon  matrix  (with 
and  without  an  oxygen leak, Fig.  4.24) [8l]. For  elements  with  heats of formation 
less than  that of silicon,  the  decay  length  with the oxygen  leak  increased  as  silicon 
segregated  to  the  surface  to form the  oxide.  For  elements  with  heats of formation 
greater  than  that of silicon, the decay  length  shortened  as  they  preferentially  seg- 
regated  to the surface. 

The formation of secondary  ions in the  sputtering  process  depends  strongly  on the 
electronic  structure of the  target  matrix  and the ionization  potential of the atoms 
(positive  ions)  or the electron affinity  (negative  ions).  In the sputtering  process, 
collisions  between the bombarding  ions  and the target  atoms cause excitation of 
the atoms,  which  may  de-excite  through  photon or electron emission. The proba- 
bility of electron  emission  depends  upon  the  ionization  potential;  thus, alkali and 
alkaline  earth  metals  with  low  ionization  potentials  form  positive  ions  with  much 
higher  probability  than  elements  with  higher  ionization  potentials.  In  the  sputter- 
ing  process,  electrons  are also liberated  and  negative  ions  are  formed by electron 
capture.  Thus, the halogens  and group VI A elements  preferentially  form  negative 
ions. These  periodic  trends  may be noted  in the positive  and  negative  secondary 
ion yields of a  large  number of elements  [82]  (Figs.  4.25  and  4.26). The observed 
intensity is dependent  not  only  on the number of ions  generated  but also on the  sur- 
vivability of the  ion  as it leaves  the  surface.  For  positive ions, survivability  de- 
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I6O- P R I ~ A R Y  ION BEA 

Profile of sodium  in  SiO,  acquired  with 1 6 0 +  primary beam shows effect of 
charge-driven  diffusion.  Profile  acquired  with I6O" primary beam shows noma1 profile. 
(From  Ref. 80.) 

creases  with  increasing  availability of free electrons.  Therefore,  targets  with  low 
work  function  surfaces,  such as gold,  have  very  low  positive  secondary  ion  yields. 
The work  function of metal  surfaces  can be increased  and,  thus,  the  positive  sec- 
ondary  ion  yields  improved by the c h e ~ s o ~ t i o n  of reactive  electronegative  gases 
or by the  use  of a reactive  gas  ion  beam to form  strongly  bonded  compounds  in the 
target.  Conversely,  negative  secondary  ion  yields  are  enhanced  by  increasing the 
availability of free electrons, by using a very  electropositive bombard in^ ion such 
as CS+. As can  be  observed in Figs. 4.25 and 4.26, high-sensitivity  analyses for a 
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ur Gibbsean  segregation effects illustrated by ratio of profile  decay length with 
an  oxygen  leak  to that without  an  oxygen leak plotted  versus oxide heat of formation. The 
substrate was silicon, and the primary ion was Ar+. (From  Ref. 81.) 

large number of elements  may  be  made  by  proper  choice  of  bombarding  ion and 
polarity of the secondary  ion. 

Velocity of the  secondary  positive  ion also has an effect  on its su~ivabi~ity. 
A high-velocity  ion is more  likely to escape  the  surface  without  being  neutralized 
than is a slower  one. This effect is illus~ated by  the  fact  that  in  isotopic  measure- 
ments  higher-mass  ions  have a lower  probability of detection.  This  isotopic  mass 
effect,  usually  called muss ~iscriminutiun, can be compounded by inst~ment  de- 
sign  effects. 
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Relative  secondary  positive ion yield (MS) vs. atomic number of secondary 
ion. 0" primary  beam, *, pure element; A, compound. (From Ref. 82.) 

The use of reactive  gases for sputtering  was  a  great  advance for SIMS. W e n  
sputtering  with  an  inert  gas  beam,  such  as Ar+, an  exponential  fall  in  the  signal is 
observed as the oxide  layer is removed.  Figure 4.27 compares  the  profiles  experi- 
enced  by  sputtering  aluminum  with A r +  and  with Q,+ [83]. With  oxygen  bom- 
bardment,  a  small drop in  the  signal is observed  between the surface  oxide  and  the 
depth  where  the  implanted  oxygen  reaches its e~ui l ib~um  con~en~at ion .  The high 
and  stable  secondary  ion  signal  obtained  at  this  depth  makes  reactive  gases,  and  in 
particular  oxygen, the bombardment  gas of choice for most  dynamic  secondary 
ion  mass  analyses.  With  static SIMS analysis,  the  primary  ion  current is kept  low 
enough to prevent  significant change in  the  surface  composition;  thus,  noble  gas 
ions  such  as A r +  are still used. 

The typical SIMS mass  spectrum is dominated by singly  charged  atomic  and 
molecular  ions.  Doubly  charged  ions  are  typically  two or more  orders of magni- 
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Comparison of Al+  profiles  on aluminum using A r +  or O,+ primary beam. 
Beam current 4 nA, beam energy l l keV. (From Ref. 83.) 

tude  less  abundant.  Doubly  charged  ions of the group I1 elements,  however,  may 
exceed  this  abundance rule by an order of magnitude.  Dimers, trimers, and  higher- 
order molecular  ions  diminish as the order  increases.  Figure  4.28 illustrates a typ- 
ical  positive  SIMS  mass  spectrum of 347  stainless steel and a negative  SIMS  mass 
s p e c t ~ m  of 304 stainless steel.  Both  spectra  were  generated  by  using an l60" ion 
beam  [84]. The energy  bandpass of the SIMS instrument  has  an  effect on the  abun- 
dance of molecular  ions  in the mass  spectrum  because  molecular  ions  have  nar- 
rower  energy dis~butions than  monatomic ions (Fig.  4.29)  [85].  Al+ is seen to have 
a measurable  number of ions  with  energies  beyond 500 eV, whereas A12+ and AI,+ 
have dimini~hed six  orders of magnitude at 300 eV  and  100 eV, respectively.  By 
rejecting  ions  with  energies of less than 400 eV, this  effect  was  used to discrimi- 
nate  against cluster ions  and  successfully  profile 31P- in  silicon  without  interfer- 
ence  from 30SiH"  [84]. This method is called energy ltering. Alternatively,  and 
perhaps  more  conxnonly,  high-mass  resolution is used to separate  isobaric  atomic 
ions  and  cluster  ions. 

The raw SMS mass  spectrum  provides a means for qualitatively  identify- 
ing  the  chemical  composition of the atomic  layers  near  the  surface  of  the  sample. 
Molecular  structure  and  atomic  bonding  information  from the spectra  are  obtained 
when  the  primary ion dose is kept  low  (static SIMS) [33].  However,  quantitative 
analysis is an important  goal of  any analytical  technique. In SIMS, quantitative 
analysis is complicated by the fact that elemental ion yields range over  several  or- 
ders of magnitude  and  are  sensitive to matrix, c~stallographic orientation,  surface 
adsorbed species, and  omb bar ding ion  and  angle of incidence.  As a result, many 
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Energy  distribution  of  Al+, A1 l,+ ions  sputtered  from  aluminum  tar- 
get.  An  energy  window  of 4 eV  was  used.  (From  Ref. 85,) 

attempts  at ~uanti~cation based  on  various  theories of sputtering  and  ion foma- 
tion  have  met  with  limited  success. The use of standards  and  relative  sensitivity 
factors for calibration of instruments  and  procedures  has  proved  more  successful. 
Each of these is discussed  briefly. 

The ion  yield Si (ions  per  incident ion) of element i in a sample  matrix M 
under  ion bombard~ent may  be  expressed as 

si = aiCiYM (4.2) 

where a is the ratio of the secondary ions of element i to the total number of i 
atoms  sputtered. Ci is the  atomic  concentration of i in the sample. YM is the total 
sputter  yield of the  sample. The secondary  ion  current, I ,  of isotopej of element i 
is given  by 
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where Ip is the total  primary ion current, yq is the isotopic  abundance of isotope j ,  
and qv is the  acceptance,  transmission,  and  detection  efficiency of the i n s ~ m e n t  
for this  isotope. Iq may be for any  selected  positive or negative  secondary  ion  and 
Si is the  corresponding  positive or negative  ion  yield. 

The  object of any  quantitative  scheme is to convert  the  measured Iij to  ele- 
mental concen~ation. The unknowns are the ai ion  yield  fraction  and qij instru- 
ment ~ a n s ~ s s i o n  parameters. 

Many  attempts  have  been  made  to  quantify SIMS data by using  theoretical 
models of the ionization  process. One of the early ones  was the local  thermal  equi- 
librium  model of Andersen  and  Hinthorne [36-381 mentioned  in  the  Introduction. 
The hypothesis for this  model  states  that  the  majority of sputtered  ions,  atoms,  mol- 
ecules, and electrons are  in  thermal  equilibrium  with  each other and  that  these  equi- 
librium concen~ations can be calculated by using  the  proper  Saha  equations.  An- 
dersen  and  Hinthorne  developed  a  computer  model,  CARISMA, to quantify  SIMS 
data, using  these  assumptions  and the Saha-Eggert  ionization  equation E39-411. 
They  reported  results  within  10%  error for most  elements  with  the  use of oxygen 
b o m b ~ ~ e n t  on  mineralogical  sarnples. Some elements  such  as zirco~um, nio- 
bium,  and  molybdenum,  however,  were  underestimated  by  factors of 2 to 6. With 
two  internal  standards,  CARISMA  calculated  a  plasma  temperature  and  electron 
density to be used  in the ionization  equation.  For  similar  matrices,  temperature  and 
pressure  could  be  entered  and  the  ion intensities quantified  without  standards.  Sub- 
sequent  research  has  shown  that  the  temperature  and electron densities derived by 
this  method  were  not  realistic  and the establishment of a  true  thermal equilib~um 
is unlikely  under SMS ion ~ o m b ~ d m e n t .  With too many failures in  other  matri- 
ces, the method  has  fallen into disuse. 

Other  early  attempts  at  quantification from first  principles  included  use of 
the  Dobretsov  equation for surface  ionization  through  nonequilibrium  thermody- 
namics [W], use of quantum  mechanical  models  [88,89],  and others, including  sur- 
face bond  breaking  and  dissociative E901 or chemical  ionization [S l]. None of these 
led  to  successful  quantification  schemes. An evaluation of several of these  meth- 
ods  was  made  by  Rudat  and  Morrison  [92]. 

A recent  proposal for quantification of SIMS  data from first principles is the 
infinite  velocity (IV) method of  van der Heide et al.  [93]. The basis for this  method 
is the quantum  mechanical  argument  derived  by  Norskov  and  Lundquist  [94];  the 
SIMS  matrix  effect is removed  if  secondary  ions  are  emitted from the  sample  sur- 
face with  “infinite  velocity”  (i.e., the secondary  ion  yield for all elements is the 
same  at  infinite  emission  velocity).  Under  this  condition, the relative  concentra- 
tion of an  element, i, can  be  calculated  from 

(4.4) 
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where I are  the  corrected  intensity  values at infinite  velocity for the  element of in- 
terest, i, and for all  the  matrix  elements x, y ,  and z. The infinite  velocity  intensity 
for each  element is obtained  by  altering the extraction  voltage  and  measuring the 
secondary  ion intensities over four or more  increments,  plotting  the  intensity of 
each  element  versus  the  reciprocal  velocity  (obtained  from the kinetic energy  ex- 
pression,  E = % mv2), and  extrapolating  to llv = 0. This method  was  tested  inde- 
pendently by Losing et al. [SS] on  three  homogeneous  metal  alloys  with  trace, 
major,  and  minor  elements.  Negative  secondary  ions  were  generated by using  a 
CS+ beam,  and  positive  secondary  ions  were  generated  by  using  an 02+ beam.  Ex- 
traction  offsets  were 80, 120, 160,  and 200 V. The results  on  these  samples  were 
generally  within  a  factor of 3. A major  drawback  found  was  that  application of the 
high  offsets  reduced  sensitivity by a  factor of about 100, thereby  requiring  higher 
primary  beam  currents  and  energies  to  get  adequate  counting  rates for the  minor 
elements. The method also requires  a SIMS instrument  that  allows  changing of the 
extraction  field in the necessary  increments. This technique  appears  promising for 
quantification of samples for which  no  standards  are  available,  but  more  research 
and  application  to  a  wider  variety of samples  are  needed  to  validate the theory. 

Although  a CS+ primary  beam  was  used  originally to  enhance the formation 
of  negative  secondary ions, its use  has  been further popularized by the  discovery 
that  MCs+  ions  (where M is any  element in the  specimen) are formed  with  greatly 
reduced  matrix effects [96]. It is believed that the MCs+ ions are formed by com- 
bining  an  independently  sputtered  neutral M atom  and  a  CS+ ion in  the  near-sur- 
face region.  With  greatly  reduced,  and  in  some  cases  negligible,  matrix  effects, the 
difficulty of quantification in SIMS is reduced.  Without  a  matrix  effect, the indi- 
vidual  MCs+  ion  yields  could  be  determined  by  using  a  reference  standard,  and  the 
corrections  applied from one  type of sample to another  or  throughout  the  depth 
profile.  Schroeer et al. [97]  measured  relative  yields of secondary ions from five 
different  metals  and  found the relative  yields  from  matrix to matrix  varied  no  more 
than  a factor of 2, with the exception of Cr from Si, which  varied  by  a  factor of 4. 
They  also  reported that the yields of the MCs+ ions were  independent of the am- 
bient  oxygen  pressure up to about l O+ torr.  Their  primary  beam  was set at an  angle 
of 42" to  the  target  normal.  Wittmaack  [98]  found  that MCs+ yields  were  strongly 
dependent on the primary  impact  angle for mate~als with  low  sputtering  yields 
such  as Si and  Al.  Homma et al. [99]  studied MC,+ ion  yields  in Si and SiO, and 
found  group 11,111, and  IV MCs+ yields  in  SiO,  lower  or  comparable  to  that  in Si 
whereas  group V, VI, and  VI1  elements  had  higher yields in SiO,. The use of MCs+ 
ions  lowers  the  ion  yields for most  elements  but  greatly  improves the sensitivity 
for the group I1 B elements  (Zn,  Cd,  and  Hg).  These  elements  tend  to  have  lower 
signals when a n ~ y ~ ~ d  with  conventional  primary ions as  a  result of their high  first 
ionization  potentials  (i.e.,  low  positive  ion  yields)  and  negative  electron  affinities 
(i.e.,  no  negative  ion  yield).  Overall,  the  use of the  MCs+  cesium  attachment ions 
leads to easier quanti~cation of SIMS data. 
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The most  satisfactory  results for SIMS quanti~cation have  been  achieved 
through  the  use of relative  sensitivity  factors (RSFs). In its simplest form, RSFs 
are  determined by measuring  ion  collection  efficiencies  from  known  matrices  and 
recording  them  as  a ratio to a  reference  element  that is usually  the  most  abundant 
metallic  atom  in the matrix. A matrix  that  matches  the  unknown is necessary. If a 
good  matrix  match is available,  excellent  results  can be achieved”especial1y  in  the 
dilute concentration  range. A relative s e ~ s i t i v i ~ ~ a c t o r  (RSF) may  be  defined  as 

where S,, is the RSF for element i with  respect to the matrix  element m;  Cj and 
Cm are  the  atomic  concentrations of impurity  element i and  matrix  element m, re- 
spectively;  and the isotopes  measured  are j for element i and y1 for element m. If 
relative  sensitivity  factors for all the  elements  in  an  unknown of similar  matrix  have 
been  determined,  then the concentration of each element x in the unknown  may  be 
calculated from 

If only  some of the  elements are of concern  and the concentration of the  ma- 
trix  element is known  or  can  be  reasonably  estimated,  then  Eq.  (4.5)  can  be  used 
to  solve for each  unknown. 

The method of defining RSFs described is traditional  in  analytical  chemistry, 
generates  RSFs  without  units,  results  in  larger  numbers for elements for which  the 
SIMS inst~ment  is more  sensitive,  and is essentially the same  as  Wittmaack’s  pro- 
posed  use of “scaled  sensitivity  ratios” [ 1001. However,  an  alternative de~nition of 
sensitivity  factors  that  has  gained  much  popularity  with  semiconductor  specialists 
is that of Wilson  [69,101]: 

pi = ( I~I , )  RSF (4.7) 

where pi is the impurity  atom  density  in  atoms  per  cubic  centimeter  (atomslcm3) 
and  the  other  symbols  are  as  described.  For  practical  use  with  nonmonoisotopic 
elements, the ion  intensities  need  to be corrected for isotopic  abundance,  and  the 
equation  becomes 

With  this  definition, RSF has  units of atoms  per  cubic  centimeter,  and  an  element 
that is detected  with  more  sensitivity  in  the  SIMS  instrument  has  a  smaller RSF. 
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Thus the SIMS analyst  must be aware of the definition of RSF being  used  when 
reading the literature. 

An  excellent  way to create standards is ion implantation of the elements of 
interest into the  matrix. This works  exceptionally  well for se~conductors since 
one can  usually  start  with  high-purity  single-crystal  materials that represent the 
matrix of interest, Also the use of Eq.  (4.8) is well  suited for this  purpose  since  ion 
implanters  usually quote doses  in  atoms  per  square  centimeter.  However7  Eq.  (4.5) 
serves just as  well  by  converting the matrix  concentration to atoms  per cubic cen- 
timeter.  In this procedure,  the  implant  profile is sputtered  through,  the  implant  ele- 
ment  secondary  ions  and  the  matrix  element  secondary  ions are each  summed,  and 
the  depth of the sputter profile is determined,  usually by using  a stylus profilome- 
ter. The sensitivity factor is then  calculated from 

where 21i and 21paa are  the  sum of the counts of the  implanted  impurity  ion  and 
matrix ion, respectively; d is the  depth of the sputtered  profile  in  centimeters; pm 
is the  atom  density of the matrix  element  in  atoms  per cubic centimeter;  and QI is 
the implant  fluence  in  atoms  per  square  centimeter.  Usually the implant  ion is iso- 
topically  pure, so no  correction for its isotopic abundance is shown  in  this  equa- 
tion.  Again  the  RSF, Si,m, is unitless.  Note  that  one  needs  to  know  the  atom  density 
of the matrix element in this application. 

If one uses the RSF as  defined  in  Eq.  (4.8) for the  ion  implant calibration, 
the  expression  becomes 

(4.10) 

where dl symbols are defined  as earlier and RSF  has units of atoms  per  cubic  cen- 
timeter. 

In SMS, small changes in concentration  have  nonlinear  effects  on the rela- 
tive  sensitivities of the  components;  changes  in  vacuum  environment or current 
density of the primary  ion  beam also affect the relative  sensitivities.  Because it is 
unreasonable to have  precisely  matching  standards for every  matrix  and  because 
precise  matching of instrument  and  vacuum  parameters,  although desirable, is 
often  difficult  to  achieve  in  practice,  empirical  methods to extend  and  adjust  the 
sensitivity  factors (detemined from  a  reasonable  number of standards) are impor- 
tant, ~ c H u g h  suggested  [64]  that  sensitivity  factors  would  show  a  dependence  on 
E,, a  parameter  reflecting the electronic  properties of the  secondary  ion-emitting 
surface. Then, by  plotting  RSFs  versus E,, derived from a  few  standard  matrices, 
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as  shown  in  Fig. 4.30, unknowns  could  be  quantified  by  determining  their  and 
selecting  the  modified  RSFs  from the chart.  He also suggested that E , ~  could  be es- 
tablished by measuring  ratios  such  as M2+/M+, ~ O + / M + ,  MN+/M+, or others  that 
might be sensitive to and  independent of element  concentration.  Ganjei et al. 
E1021 applied  this idea and  made it practical  by  using  changes  in  ambient  oxygen 
pressure to induce a  range of sampling  environment  changes  over  which  sensitiv- 
ity  factors  could be measured  from  one  standard.  Sensitivity  factors  were  plotted 
versus  a  matrix  ion  species ratio such  as 56Fec/54Fe+ in  a steel standard.  They  called 
this technique  the matrix ion species  ratio (MISR)  method.  Accuracies  achieved 
on a  number of steels, aluminum  alloys,  and  copper  alloys  were  on  the order of 
10% relative. The best  accuracy  and  precision  were  achieved  with  the  introduction 
of small  additions of oxygen to the  surface of the urknowns. 

For  successful  quantification  in S N S ,  great care must be taken to reproduce 
instrument  conditions as closely  as  possible.  These  conditions include energy  and 
current  density of the primary  beam,  type  and  purity of the primary,  vacuum  con- 
ditions, angle of incidence of the  beam  with the sample,  energy  bandpass of the 
mass  spectrometer,  and  detector  efficiency.  In  addition,  correct  identification of the 
secondary ions (i.e.,  without  interference) is crucial  to  good  quantification.  As  dis- 
cussed  in other chapters,  this  can be achieved  with  high  mass  resolution  to  sepa- 
rate ions of interest from  interfering  species,  through  energy  filtering,  or  by  man- 
ual or computer  spectral  stripping  (i.e.,  subtraction). The  sample and  standards  are 
also important. A good  standard is homogeneous on a  micrometer scale and  char- 
acterized.  These  may be reference  materials  generated by organizations  such  as the 
National Institute of Standards  and  Technology,  standards from independent  ma- 
terial  specialists, or ion  implantation  standards  in  which care is taken to measure 
dose accurately  and  maintain  purity of the  implanted  ion.  Samples  that  have  sec- 
ond-phase  inclusions  are  very  difficult  to  quantify  completely.  Each  phase  must be 
treated  separately  as ion formation  conditions are quite different.  Where  multiple 
crystal orientations exist on the sample  surface,  each crystallite needs  to be quan- 
tified  separately  as ion emission  varies  greatly,  depending  on the orientation  with 
respect to the primary  beam  and  the  secondary  ion  extraction  field. 

At its simplest  the  secondary  ion  mass  spectrometer  needs  only  five  elements. 
These  are  an  ion  source  to create the  bombarding  primary ions, a  target or sample 
holder,  a  mass  analyzer for analysis of the secondary ions, a  detector  to  transform 
the  ions  to  recordable  form,  and  a  recording  device.  Usually,  the  practical S N S  
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sitivity factors as a function of a property, E ~ ,  sensitive to changing electronic properties of 
the matrix. (From Ref. 64.) 
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instrument  has  additional  features  such  as  primary  beam  filtering  and  focusing,  en- 
ergy  filtering of the  secondary ions, counting  systems for highest  detection  sensi- 
tivity,  and  sometimes  an  electron  flood  gun for charge  neutralization  on  insulators. 

SIMS  instruments  may  be  conveniently  divided into three general  types:  (1) 
nonimaging,  (2)  scanning  probe  imaging,  and (3) microscope  imaging.  Nonimag- 
ing  instruments  are  concerned  only  with  surface  or  profile  analysis  within  the  area 
covered by the primary  beam,  irrespective of the precise  location of the  emitted 
secondary  ion.  Scanning  probe  imaging  instruments  such  as  the  ion  microprobe 
mass  analyzer ( I M M ~ ) ,  Fig.  4.5,  and the NanoSIMS 50, Fig. 4.14,  form  second- 
ary ion  images of the  surface  by  scanning  a  focused  ion  beam  over  the  sample  sur- 
face and  displaying the detector  signal  on  a  synchronously  scanning  oscilloscope 
or  as  a  function of scan  position  with  a  computer.  The  image  resolution  in  these 
instruments  depends  on how  finely the ion  beam  can be focused  on  the  sample  sur- 
face.  Microscope  imaging instrume~ts such  as the IMS-3f,  Fig.  4.9,  and the triple- 
electrostatic-sector  TOF,  Fig.  4.12,  form  secondary  ion  images  by  stigmatically 
transferring  each  secondary  ion from the  sample  surface  through the mass  analyzer 
to the detector. The detector  may  be  a  video  camera  that  records  the  image  formed 
on  a  fluorescent  screen  when  the  secondary  ions  are  converted to electrons by a 
channel  plate,  or,  in  an  alternative  arrangement,  a  dual-microchannel  plate elec- 
tron  multiplier  used  with  a  resistive  anode  encoder [ 1031 to  record  counts  as  a  func- 
tion of position.  Some  modern  commercial  instruments  have  capability for both 
probe  and  microscope  imaging,  which  allows  the  analyst to select  the type of  meas- 
urement  needed for optimal  analysis. 

Imaging  instruments  offer the advantage of analysis of much  finer  details on. 
nonhomogeneous  samples.  Scanning  probe  imaging  instruments  have  the  advan- 
tage of being  able to achieve  the  highest  spatial  resolution;  20  nm  has  been  achieved 
[3]. Microscope  imaging  instruments  have  the  advantage of simultaneous  transfer 
of all  ions of the  analyzed  mass  from  the  total  image  area.  Thus,  images  are  formed 
in much  shorter  times. In the  microscope  imaging  instruments,  large-diameter  ion 
beams  with  larger  currents  mean  that  profiling  and fomation of images  as  a func- 
tion of depth  are  much  faster. The best  image  resolution  achieved  with  microscope 
imaging  instruments is about  200 m. 

Current  density  and €he type of primary  ion  have  a critical effect  on S 
ses.  High  current  densities  are  desirable for rapid  profiling  and  high-sensitivity 
analysis,  whereas  low  current  densities  are  chosen  when the analyte layer is thin 
or  when  using  static  SIMS.  Exotic  polyatomic  ion  sources  are  an  area of active  re- 
search  today; Reo,- [104],  SF,+  [105], SF6-, NO,', CF,+, C,o+, and  many  others 
[ 106,1071,  have  been  reported  to  provide  exceptional  enhancement of secondary 
ion  yields  and  ultrashallow  depth  profiling.  However, the most  heavily  used  ion 
sources  today  are  the  hollow  cathode  duoplasmatron  (Fig. 4.3 1) [ 1081, the thermal 
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ionization  cesium  ion  source  (Fig. 4.329, and  the  liquid  metal ion gun  (Fig.  4.33). 
Desirable features of  any  ion  source  are  high  brightness,  high  current  density,  low 
energy  spread,  long-term  stability,  and  long life. 

The most c o m o n  species  used  with  SIMS  sources are h+, 02+, 0-, and 
N2+. These  ions  and  other  permanent  gas  ions  are  formed  easily  with  high  bright- 
ness  and  stability  with the hollow  cathode  duoplasmatron. &+ does  not  enhance 
the formation of secondary  ions  but is popular in static SIMS, in  which  analysis of 
the undisturbed  surface is the  goal  and  no  enhancement is necessary. 02+ and 0" 
both  enhance  positive  secondary  ion  count  rates  by  formation of surface oxides 
that  serve  to increase and  control  the  work  function of the  surface. 02+ forms  a 
more  intense  beam  than 0" and  thus is used  preferentially,  except in the  case of 
analyzing  insulators (see Chapter l l). In some  cases the sample  surface is flooded 
with 0, gas for surface control and  secondary  ion enh~cement.  An N,+ beam  en- 
hances  secondary ion formation, but  not  as  well  as O,+. It is very useful for pro- 
filing  and  analysis of oxide  films  on  metals,  however. It also is less damaging  to 
duoplas~atron hollow  cathodes  and  extends  their life by a factor of 5 or more  com- 
pared to oxygen. 

The detection sensitivity for carbon;  hydrogen; the electronegative ele- 
ments-F, Cl, 0, S, etc.-and certain  metals  with  low  work  functions  (such  as Au 
and Pt) is greatly  enhanced by analyzing  their  negative  secondary ions, sputtered 
by a  CS+ ion beam.  Most  cesium ion sources use heated  metal to provide  vapor to 
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the  back of a tungsten frit. The cesium  diffuses  through  the frit, where it is ther- 
mally  ionized.  In the presence of an electrostatic  field, CS+ is accelerated into the 
instrument  (Fig.  4.32). A drawback of cesium is the  necessity of handling  the  metal 
in  inert  gas  glove  boxes. Some have  overcome  this  problem  by  using  cesium  com- 
pounds  that  decompose  or  react  to  release  cesium  in  situ.  Okutani et al. [ 1091 heated 
cesium  chromate  with  silicon,  which  reacted to release CS and  form  residues of 

and Cr20,. As with  oxygen,  cesium is sometimes  evaporated onto the  surface 
directly.  This  ensures  saturation of the  work  function  effect for CS+ sputtering, or 
alternatively it enhances  the  negative  ion  yield for noble  gas  sputtering. 

The  liquid  metal  ion  source  (LMIS)  provides  the  highest  current  density  and 
the  smallest  probe  size.  In  the  LMIS  (Fig.  4.33), a tungsten emitter tip is coated 
with a liquid  metal  such as CS, Hg, Ga, In, Sn, Bi, or Au; a high  potential  field is 
then  applied.  Under  these  conditions, the liquid  metal  forms a “Taylor” cone with 
a small tip from  which ions are  emitted. This small,  very-high-brightness,  very- 
high-cu~ent-density ( ~ 1 0 ~  rVcm2)  source  allows  focusing to spots as small  as  20 
nm  with  current  densities  up to 5 A/cm2.  High-resolution  secondary  ion  imaging, 
most  commonly  with Ga+ and In+ ions, is the forte of LMIS. The very  fine  intense 
LMIS  beam has also been  used for micromilling  and cutting in  semiconductor 
analysis  and  repair. 

The primary  ion  column  may  be  nothing  more  than a vacuum  between the ion 
source  and  the  sample  target,  but  generally it contains  some  beam  shaping  and  con- 
trolling  elements. The M M A  diagram  in  Fig. 4.5 illustrates  common  features. The 
ion  extractor  may be considered  to be part of the ion  source or the  first  element of 
the  primary  column. A potential  difference  between  the  extractor  and the ion  source 
accelerates  the  primary  ions  to the desired  energy,  generally  between  0.2  and 40 
keV. It is desirable  to  filter the primary  ion  beam so that  only  the  selected  species 
strike  the  sample. The IMMA does that  with a primary  magnetic sector; other in- 
struments  use a Wien  filter.  Beam  shaping  and  directing  are  done  with  electrostatic 
alignment  plates,  apertures,  and  one  or  more  electrostatic  lenses.  With  scanning 
probe-i~aging instruments,  electrostatic  deflection  plates  are  required  to  control 
the position of the beam  on  the  target.  Time-of-flight  instruments  require  pulsed 
acceleration of the  primary  ions and often  have electric or  magnetic  field  “bunch- 
ing”  elements  to  sharpen  the  pulse of primary ions. 

The sample  mount  requires an electrical  connection  to  maintain a constant  poten- 
tial  on  the  sample  surface.  In  quadrupoles  this is generally  ground,  and  extraction 
lenses  are  biased to collect  the  secondary ions. Magnetic  sector  instruments usu- 
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ally  bias  the  sample to accelerate the secondary  ions. A Faraday cup designed to 
trap the  beam  and  any  sputtered  particles is often  provided  to  measure  the  primary 
beam  current  at the target. Sample current is not  an accurate measure of the beam 
current, as  significant  numbers of charged  particles  are  emitted  in the sputtering 
process  and  add to or  subtract  from the primary current (depending  on  their  charge 
polarity). The beam  diameter  on the sample  in  scanning  probe  instruments  can be 
measured by scanning the beam  across the Faraday cup and  measuring  the  distance 
required for the beam current to drop from the  level  with the beam  outside  the cup 
to  that inside the cup. 

The sample  mount  also  positions the sample  properly for analysis.  This in- 
cludes x and y lateral motion, z height,  and  angle  with  respect to primary  beam  and 
secondary  extraction. It may  vary  from  a  simple  mechanical  mount  to  a  sophisti- 
cated stage with  stepping  motors  under  computer  control. 

SIMS instruments are generally  grouped  by type of secondary  analyzer  as  well  as 
by  imaging  type. Three general  types  enjoy  wide  popularity,  and each has its dis- 
tinct  advantages.  They are the  magnetic  sector,  the  quadrupole,  and  the  time-of- 
flight  (TOF). 

Magnetic  sector  instruments are popular  because of their  high  mass  resolu- 
tion  and  high  transmission of the  secondary  ions.  Transmission  figures of 10%  to 
40% at low  mass  resolution  are  common.  Most  SIMS  magnetic  sector  instruments 
are designed to be double-focusing,  combining  the  direction  focusing of the  mag- 
netic  sector  with the velocity focusing of an electrostatic sector.  Useful  mass res- 
olution  in current magnetic  sector  SIMS i n s ~ m e n t s  ranges  from  about  5000  to 
30,000, Examples of magnetic sector instrumentsJ~  include  nonimaging (the 
SHRIMP I1 in  Fig.  4.13),  microscope  imaging (MS 3OO”Fig.  4.4  and 
Fig.  4.9),  and  scanning  probe  imaging (IMMA-Fig. 4.5,  and  NanoSIMS 50- 
Fig.  4.14).  Secondary  ion  extraction  elements,  apertures,  and lens elements  vary 
widely,  depending  on  the  requirements. 

A novel  way of providing  electron  charge  compensation for insulators  was 
developed for the f-series Cameca  instruments,  Fig.  4.34 [l lo]. Electrons from a 
gun  are  turned 90” to pass  coaxially  through  the  objective lens of the secondary 
ion  extractor,  which  works  as  an electron mirror  to  provide  a  self-regulated  po- 
tential  on  the  sample  surf‘ace. 

Simultaneous  secondary  ion  detection is limited  to the number of detectors 
placed  in the transmission  plane  of  the  magnetic  sector. ~uasi-si~ultaneous de- 
tection of two or more  ions  may be achieved  by  programming  electrostatic  de- 
flection  plates to switch  ions  rapidly  within  a  fairly  narrow  mass  range  (see  Fig. 
4.6).  Simultaneous or quasisimultaneous  collection of ions is especially  helpful for 
measurement of isotopic  ratios. 
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Quadrupole SIMS instruments  have the advantage of low  extraction  fields 
and  ground-potential  samples;  this  makes  them  readily  applicable  to  low-energy 
ion  beams  and  high-resolution  depth  profiling.  Also,  the  sample  orientation  may 
be adjusted  without  serious  effect  on  the  primary  beam so that  beam  incidence  an- 
gles may be adjusted  freely to maximize  sputtering  or  ion  yield.  Quadrupoles  are 
less complex  and  thus  somewhat less expensive  than  other  instruments. The mass 
spectra  may be rapidly  acquired,  an  advantage if the  sample  composition is chang- 
ing  rapidly.  Quadrupoles  have the disadvantage of lower  mass  resolution,  gener- 
ally less than 1000; lower  transmission of secondary  ions  than  sector  or TOE; in- 
struments; and  mass  discrimination against higher  masses.  Examples of 
quadrupoles  are the static  SIMS of Benninghoven  and  Loebach  (Fig.  4.7), the 
Atomika  ADIRA  (Fig.  4.8),  and  the  University of Chicago  instrument  (Fig. 4 10). 

In the time-of-flight  (TOF)  instrument, the primary  beam is pulsed  and  a 
packet of secondary  ions is extracted into the drift region.  Every  secondary  ion in 
the packet is detected  rapidly  in  mass  sequence.  Thus,  every  ion  that  passes  through 
the mass  spectrometer is detected  (with the exception of deadtime  counting  losses). 
This essentially  simultaneous  detection of all masses  with  transmission of 10% or 
greater  gives  the TOF very  high  useful  yields  (number of ions detecte~atoms sput- 
tered). Thus, the TOF is very  popular for static  SIMS  and  surface  analysis  when 
the  analyte is very  limited  in  quantity.  The  mass  range is unlimited  and  transmis- 
sion is constant  over the mass  range.  Current  commercial  TOFs  have  mass  reso- 
lutions of 300040,000, which  give  them  the  capability of resolving  many  isobaric 
atomic  and  molecular  ions. A disadvantage of the TOF is a  low  duty  cycle,  per- 
haps 0.2% at best  and  often  much  less.  Sputtering  and  ion  formation  are  only  t&- 
ing place  in  the  very  small  time  fraction  when the primary is pulsed  on. The low 
duty  cycle  means  longer  times  are  required to collect counts  on  low-abundance 
ions.  Also  depth  profiling  becomes  very  slow. An auxiliary  sputtering  beam  could 
be  used  intermittently  with  analysis  when  rapid  depth  profiling is required.  Ex- 
amples of TOFs  are  Niehuis’s  reflectron  type [52] (Fig.  4. l 1)  and  Scheuler’s  triple- 
electrostatic-sector  instrument [55] (Fig. 4,112). 

Both  positive  and  negative  secondary ions are  important  in SIMS, and the dynamic 
range is very  large,  sometimes  covering  seven  orders of magnitude.  Electron  mul- 
tipliers  are  commonly  used  in  SIMS  because  they  have  high  gain,  low  intrinsic 
background,  and large dynamic  range. A polarity-switchable  accelerating  poten- 
tial  between  the  exit slit of the  spectrometer  and  the  first  dynode of the  electron 
multiplier  gives  them  dual-polarity  capability. Some instruments,  especially  those 
with  large current primary  ion  beams,  use  a  Faraday cup detector for the major  ion 
species  and the electron  multiplier for the rest. The detector  on the IMMA  (Fig. 
4.5)  was  a  modified  Daly [ 1 1 l] type  in  which the secondary  ions are accelerated 
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onto  an  aluminized  surface  from  which  electrons  are  liberated  and  accelerated to 
a  scintillating  phosphor  that  emits  light. The light  pulses  are  piped  outside  the  vac- 
uum  system  to  a  photomultiplier.  Analogue currents from either electron multipli- 
ers or photomultipliers  may  be  amplified  and  displayed  on X-Y plotters, strip chart 
recorders, or oscilloscopes.  For  greatest  sensitivity,  pulse  counting of the  individ- 
ual  ion-produced  cascades is done. In this mode signals ranging from a  few  ions 
per  second to over lo7 per  second  may be detected. To cover the high  counting 
rates  that  are  not uncomon in SIMS, 200-MHz or faster  counters  should  be  used. 
At  the  higher  counting  rates (>lo5 sec-l), deadtime corrections need to  be made 
for accurate  counting. 

In microscope  imaging  instruments  the detectio~recording system  requires 
the ~pl i f icat ion and collection of the ion signal from all portions of the detector 
plane  while m ~ n t ~ n i n g  the  position  information.  One  technique is to  focus  the 
secondary  ion  image onto a  microchannel  plate  that  converts  the  ions to electrons; 
these  electrons  are  then  projected onto a  fluorescent screen. The image on the flu- 
orescent  screen  may  be  viewed,  recorded  on  photographic  film,  or  recorded by a 
sensitive  CCD  video  camera.  These  images  on  film  may  be  digitized  with  an  op- 
tical  scanner. The video  camera  images  may be digitized  by  using  an  analog-to- 
digital  converter. The digitized image frames  are sent to a  computer for f r m e  image 
integratio~, quantification,  storage,  and  display. An alternate  method is to  focus  the 
secondary ion. image on a dual-~crochannel plate electron multiplier  that  provides 
pulse  counting  and,  in  conjunction  with  a  resistive  anode  encoder,  position  infor- 
mation [ 1031. These  count-quantified  images  may  be  displayed  on  an  oscilloscope 
and/or  stored  and  displayed by computer. 

The detector for time-of-flight SIMS must  be  capable of counting  pulses  very 
rapidly  and  accurately  recording  the  time of arrival of each  pulse. The time  func- 
tion is usually  handled by a  time-to-digital  converter that must  have 4. l-nsec  time 
resolution,  In  Schueler’s  microscope  imaging TOF [55], ions  are  detected by using 
a  dual-microchannel  plate  (DMCP). The arrival time of the  ion is extracted from 
the second  plate of the DMCP. The pulse is amplified  and  routed to a  time-to-dig- 
ita1  converter. A resistive  anode  encoder  that  determines  position  information for 
the  pulse  follows the DMCP.  Arrival  time  (mass)  and  position for each  secondary 
ion detected  are  stored in a  computerized data system.  Integration of data over  a 
s u ~ c i e n t  number of primary  pulses  results  in  count-quantified  secondary  ion  im- 
ages for every  ion  mass  collected. 

The idea in  static SIMS (SSIMS) is to analyze  only  surface  areas  that  have  not  been 
affected by prior  ion  bombardment.  Thus, the S S ~ S  experimenter is limited to 
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<loL3 primary  ions/cm2  (the  static SIMS limit)  striking  the  surface.  This  require- 
ment for limited  bombardment of the  surface  puts a premium  on  efficient  use of 
the available  ions. The availability of high  mass  resolution,  high  transmission,  and 
high  useful  yields  (with  the  advent of a new generation of time-of-flight SIMS mass 
spectrometers  in  the late 1980s)  provided a strong  boost for SSIMS applications, 
Since the late 1980s  there  has  been a blossoming of SSIMS, primarily  in  the  area 
of organic  and  polymer  applications. Of prime  importance  in SSIMS is determin- 
ing  the  relationship  between  the  sputtered  species  and the molecules  on  the  sur- 
face. Rvo libraries of SSIMS spectra  are  available to help  the  analyst, the Munster 
High  Muss  ~esolution  Static S I ~ S  Library [1 121 and The  Static  SIMS  Library 
[ l  131. Also  critically  important to SSIMS is ultrahigh  vacuum  in  the 10-lo-torr 
range or  lower  in the sample  chamber  to  prevent c o n t ~ n a t i o n  of the surface. 

A classic  example of SSIMS is a study of the initial  stages of oxidation of 
chromium [ l  141. Figure  4.35  shows  the  changes  in the Cr0,-,  Cr0,-, and  CrO+ 
ions  as  oxygen  exposure  was  increased  from 0 to 1000 langmuir (L). After -SO L 
of exposure  the Cr0,- and Cr0,- species  begin to increase.  At  about 300 L, CrO+ 

~ x y ~ ~ n  dose (Lan~muir) 
ur Static secondary  ion  mass spectrometry (SIMS) study of the initial stages of 

oxidation on chromium surface. (From Ref. 114.) 
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begins to increase on the surface  and  CrO2"  decreases.  When the oxide  was  pro- 
filed, the CrO+ species  dropped  rapidly;  the Cr0,- species  remained at a constant 
level for a  period before decreasing. This simple  experiment  showed  that  one  oxide 
species  was  forming  initially  and  progressed into the  bulk. A later forming oxide 
characterized by CrO+  formed on the surface  but  apparently  remained in a  mono- 
layer on the surface  even  though  additional  oxygen  exposure  occurred. 

In a more recent application of SSIMS, the ratios MO,-/MO- and 
M O ~ - / ~ O -  for transition  metal  oxides of the type M 0 were  measured to demon- 
strate a  fingerprint  spectrum characteristic of the  oxidation  state of the metal. The 
data for iron  oxide  were  then  compared  to oxide found  on  a  steel  sample  with  an 
oxide  film  4 nm thick. The best  match  was to Fe,O, [ 1 151. 

SSMS has  been  applied to the  study of molecular  adsorption  on  metal  sur- 
faces [ 1 161, catalytic surfaces [ 1171, surfaces of HF- and  NH4F-treated silicon 
[ 1 181, and  many  others  in  which  surface  chemistry is important. 

y. 

Profiling or other  applications of SIMS that are not  static  are  sometimes  referred 
to  as  dynamic,  although  that  connotation  seems  superfluous.  The  limits of SIMS 
profiling  resolution  are  being  driven  by the requirements of the semiconductor  in- 
dustry,  in  which  device size is getting smaller  and  doping  implants  are  getting  shal- 
lower.  As  a result, primary  beam  energies  are  being  reduced. ~ u a ~ p o l e  instru- 
ments  with  low  extraction  potentials  can  easily  accommodate  lower  primary  beam 
energies  (e.g.,  200 eV) [l 191. However,  modifications  to  magnetic  sector instru- 
ments so they  can  work  with  lower  secondary  ion  extraction  energies  have  resulted 
in impact  energies  as  low  as 1 k e y  

In  profiling,  there is a  transition  region  at  the  surface  due  to initial sputter- 
ing where  the  implantation of the  bombarding  beam  has  not  reached its full equi- 
librium  value. By sputtering  with 250 to 500 elv O,+ at normal  incidence for most 
rapid  incorporation of the oxygen,  transition  depths of less than  1 m have  been 
observed  in  silicon [ 120,12 l]. Subkiloelectron-volt  sputtering  can also be achieved 
by higher  primary  ion  energy at glancing  incidence,  but t r~s i t ion  depths  become 
greater  as  incorporation of the  primary  beam is reduced.  Oxygen  flooding  was  used 
to  overcome  this  effect in profiling  a  boron  implant  in  silicon,  as  shown  in  Fig. 
4.36. A comparison is made by using 1 keV O,+ at 60" incidence  to profiles made 
by using 250 and 500 eV O,+ at normal  incidence [ 1221. Another  method of over- 
coming  the  transition  region is capping the sample  with  a  thin layer of the substrate 
element so that  implant equilibrium has  been  reached  when  the  capped  material is 
sputtered  through [ 1231. 

In  addition to the  transient  sputtering  region,  a  thin layer of native oxide on 
the surface  complicates  profile  interpretation. Iltgen et al. [ 1241 described  a  method 
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Figure 36 Comparison of normal incidence profiling in vacuum to 60" incident profil- 
ing with oxygen flooding.  Profiles of boron implanted in silicon. (From Ref. 122.) 

for continuous  correction of the depth  and  concentration scale based  on  knowledge 
of the matrix  sputter  yield  and the relative  sensitivity factor [RSF ( llB, 3oSi)]. These 
authors  also  used SF,+ sputtering to provide the smallest  transient  depth. The large 
six-atom  ion  implantation is very  shallow  as  a  result  of ~agmentation that  reduces 
the effective  energy of the beam. 

Magee et al. [ l251 used O,+ with  a  quadrupole SIMS to profile  an epitaxial 
silicon  grown  with  five  boron  delta-doped layers, each 5.4 nm  thick. Bomb~dment 
energies  from 400 eV to 1.5 keV  were  used  with  angles of incidence from 0" to 
70". Analyses  were  performed  with  and  without  oxygen  flooding.  With  a  sputter- 
ing energy of 500 eV  (at 50" incidence,  and  oxygen  flooding),  no  measurable 
change in  sputtering rate was  found  in the transient  region or between  any of the 
layers. A similar sample  was  profiled  in  a  magnetic sector instrument,  using O,+ 
with l keV, at 56" incidence,  and  oxygen  flooding  [126]. There was  a small 0.6- 
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7 ~igh-depth-resolution profiling with a magnetic sector instrument using a 1- 
keV O,+ primary beam at 56" incidence with  oxygen  flooding. (From Ref. 126.) 

nm shift in  the  first  layer,  as  shown  in  Fig. 4.37, but  the  results  were  similar to the 
~ u a d ~ p o l e  results  with 400 eV O,+ at 0" and  no  flooding. 

A profile of a 500-eV  arsenic  implant by Hitzman  and  Mount E1271 shows 
the effect of CS+ primary ion energy  and  incidence  angle  on  depth resolution 
(Fig. 4.38). These As-  profiles also demonstrate the high  sensitivity of the SIMS 
technique. 

The use of MCs+ to make quantitative  profiling easier is illustrated  in  Fig. 
4.39  [1281. Each  element  in the structure ~ a A s / A l ~ ~ s ~ n ~ a A s / q u a n t u m - ~ e l l  
(20 X A l ~ ~ s / ~ a A s ) / ~ a A s  is profiled  as MCs+. 

Imaging of elemental  and isotopic dist~butions on  surfaces has proved  useful for 
diffusion  measurements,  corrosion  and  reactivity  studies,  contamination  identifi- 
cation,  and  many other applications.  SIMS  imaging is particularly  useful  because 
of its high  sensitivity.  An  example  was  the  application to a problem in which a IJ- 
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Effect of beam  energy and angle of incidence on depth resolution. Profiles of 
arsenic in silicon using CS' primary  beam.  (From Ref. 127.) 

Zr-Nb  alloy  was  being  attacked  and  seriously  weakened  by an unknown  agent. 
SMS spectra showed  the  presence  of a fluoride.  Imaging of cross sections of the 
metal  showed  that  fluorine  was  attacking  and  reacting  along the grain  boundaries 
(Fig. 4.40) [129].  The  fact  that the grain  boundary  fluoride  always  ended  abruptly 
showed  that a reaction  in the grain  boundary,  not just simple  difTusion,  was  oc- 
curring. By using SIMS images to measure the extent of the attack at a series of 
times  and  temperatures, the complete  kinetics of the process  were  solved. 

The isotopic  imaging  capability of SIMS provides a way  of rapidly  screen- 
ing  particles  when  isotopic i n f o ~ a t i o n  is important. An example is the  location 
of rare,  isotopically distinct material  in inte~lanetary dust  particles  that  are  col- 
lected by high-flying  aircraft  [130].  Another  example is the monito~ng of nuclear 
enrichment facilities by environme~tal sampling  that  requires  quick  scanning of 
particles to detect  enriched  uranium [ 13 l]. Sirnons et al.  reported  an  automated 
SIMS for rapidly  determining isotopic distributions in particles [ 1321. 

A study of engineered  silver  halide  crystals  used the high  resolving  power 
of a liquid metal ion gun to image 0.1- to 0.5-pm-thick layers of AgBr  and 
AgBr,,I,, that  were  grown  on  AgBr  platelets  (Fig. 4.41) [ 1331. The flat  platelets 
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Qu~titative depth profile  on ID-V compound structure using MCsf molecu- 
lar ions. (From Ref. 128.) 

F- secondary ion image on cross section of ~a~um-n iob ium-~ i r~on ium alloy. 
(From  Ref. 129.) 
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High-resolution  secondary ion mass  spectrometry (SMS) images on. silver 
halide microcrystals. Large crystal at top is 6.5 prn across. Crystals have four alte~ating 
layers of AgBr  and Ag13ro~910~l on a AgBr core. A, Br” image; b, I” after -3 nm  removed; 
c, 1- after -24 nm  removed; d, I- after -46 nm  removed. (From Ref. 133.) 

are  3 to 7 pm across  and c0.3 pm  thick. The high  resolving  power of SIMS  al- 
lowed  the  photographic  materials  engineers to study  directly  the  effects of con- 
trolled  physical  and  chemical  conditions  on  composition  and mo~hological char- 
acteristics. 

The capability of SIMS to  record  all  elements  and  isotopes  with  high spatial 
resolution in three  dimensions is making it popular  in  solid-state  science.  Three- 
dimensional  (3-D)  imaging is done  retrospectively,  using  a  computer to stack  a  se- 
ries of 2-D  images. A good  example of the  visualization  that  may  be  done  using 
3-D data is shown  in  Fig.  4.42  [134]. The l 6 0 -  image of a  separation by implanted 
oxygen (SIMOX) structure is 150 pm in  diameter  and  2.5 pm deep. The upper left 
shows  a “pie slice’’ to reveal  some  inner  structure  that  includes  an  oxide  defect  ex- 
tending  from the surface to a  depth of about  2  pm. The bottom left is a ho~zontal 
slice showing  the  oxygen  defect  to  be 4 pm in  diameter.  At the right  are 0” depth 
profiles  from  the  defect at position A (top)  and  a  typical  region at positio 
tom). To show  internal  structure  better,  a  “volume  rendering,”  as illustrate 
4.43 [ 1341,  may  be done.  In  this  technique  a  gray  and a partial ~ ~ s p a r e n c y  value 
for each  voxel(3-D volume element) are calculated.  Regions of low inte~sity are 
made   an spa rent to maximize  the  visibility of internal structure. Since sputtering 
rates  may  not be u n i f o ~  over  the  area  viewed, topo~aphical corrections of the 3- 
D images  may be made  by  making  maps of the surface  before  and  after  sputtering 
using  atomic force microscopy [ 134,1351. 
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l60" 3-D images and  profiles from separation by implanted oxygen (SIMOS) 
structure illustrating computerized retrospective imaging capabilities. Field of  view is 150 
pm; depth is 2.5  pm. CS- primary beam. See text for details. (From Ref. 134.) 

Volume rendering of D- secondary  ion distribution from a Zr02/2r-2.5 I% 
sample. Field of view  is I50 pm; depth is 10 pm.  (From Ref. 134.) 
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S to measure  isotopic  ratios is one of its great  strengths  in  sur- 
face analysis.  This  capability  may be utilized  in  two  ways:  first,  to  determine  iso- 
topic  ratios  in  dating  (geological  chronology),  cosmology,  nuclear  physics,  chem- 
istry,  monitoring of nuclear  enrichment  activities,  etc.,  and  second,  to  study or 
monitor  diffusion,  corrosion, or reaction  mechanisms  in  solid  materials  through 
stable  isotope  substitution. 

easure~ent of isotopic  composition  in  a  mass  spectromete 
not  as  simple  a  process  as  might be perceived at first  glance.  In S 
urements  are  complicated by isotopic  fractionation,  which is gene 
and  characterized by enrichment of the lighter ions  with  respect  to  the  heavier  ions. 

art [ 1361 found  that  secondary  ions  were  always  enriched  in  the 
lighter ions  and the fractionation  per  atomic  mass  unit  (amu)  followed  a  depend- 
ence proportional  to  high  mass/low  mass ( M ~ / M ~ ) .  E~ichment  factors  ranged 
from 6.5%/amu for boron to 0.6%/amu for lead. They  also found that  fractiona- 
tion  was  dependent  on the spatial location  and kinetic energy of the  extracted  ions 
relative  to the sputtered site. Thus,  reproducing  instrument  parameters is impor- 
tant. Schwarz [ 13-73, however,  found  negative  fractionation  coefficients for M ~ + ,  
M", and M2" ions  in  certain  energy  ranges.  Gnaser  and  Hutcheon [l381 found  that 
isotope fractionation  depended  linearly  on  the  inverse  velocity of the  ejected  ions. 
They  showed  that  this  correlation  followed from an  exponential  dependence of the 
ionization  probability, P,  on  the  inverse  velocity, v-l, such  that 

P exp (q) (4.11) 

In  experiments on B, Si, and Ca, they  found  a  value of -2 X lo6 cm/sec for vg. 
Lyon  and  Saxton [ 3391 found  fractionation  due  to  sample  chemical  characteristics 
and c ~ s t a l l o g r a p ~ c  orientation  in  some cases but  stated  that  with  extensive cali- 
bration  and  careful  control of parameters,  reproducible isotopic ratios  could be de- 
tennined to one to two  parts  per  thousand. 

An illustration of the  power  of  using  isotopic  substitution  with  SIMS  to  study 
reactions  on the surface,  and  in  the  solid  near the surface,  involves isotopic sub- 
stitution  on  the  solid  surface. The differences in the  oxidation  and  fluorination of 
nickel  were  illustrated  by  depositing  a  thin layer (-10  nm)  of 62Ni-enriched  nickel 
on  the  surface of a  nickel  substrate,  exposing  the  surface to the reactant,  and  depth 
profiling the 62Ni/58Ni  isotopic ratio [140,141].  In  the  oxidation case, the  profile 
showed  a  low  ratio  of  62Ni/58Ni at the  surface,  then  a  higher ratio of 62Ni/58Ni  as 
the oxide  was  sputtered  through,  and  finally  the  normal  substrate  ratio.  This  showed 
that Ni atoms  diffuse  through the oxide  to  react at the  surface  with  the  oxygen.  In 
the fluorination case, however, the 62Ni layer was  not  displaced  as  fluorine  diffused 
through the fluoride layer to react at the  metal-fluoride  interface. 
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DEPTH (nm) 
ur Depth  profiles  using stable isotopic substitution of reactants to reveal oxida- 

tion mechanis~ of water reaction with  uranium and its inhibition in  the presence of oxy- 
gen. N,+ primary  beam  used. See text. (From Refs. 142 and 143.) 

Isotopically  altered  reactants  were  used  to  characterize  many  aspects of the 
reaction  between  uranium  and  vapor-phase  water  and to show the effect of oxygen 
on  this  reaction [ 142,1431.  This  study  began  with  simple  exposure of a  polished 
uranium  surface to l8OH2 and I60H2. A profile of the oxide  layers  showed  that the 
water  adsorbed  last  produced  the oxide nearest the metal.  Thus,  oxygen  in  some 
form diffused  through  the  oxide  to  react at the oxide-metal  interface. This is illus- 
trated  in  Fig.  4.44a,  where  uranium  was  exposed to 180H2 for 6 hr,  followed by 
exposure  to 160D2 for 18 hr. Multiple  exposures of equal  length  showed  that the 
reaction rate was  linear,  except for a  short  delay  in  initiation  (Fig.  4.45).  These  ex- 
periments also showed  that  the  oxygen  migration  was  strictly  interstitial,  as  op- 
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Depth  profile  on  uranium  sample  exposed  sequentially  to "OH,, 180H,, 
%H,, "*OH,, 160H,, for 6 hr each  at 80°C and 0.6 @a.  See  text.  (From  Ref. 143.) 

posed to vacancy migration (i,e., the slope of the *60" signal  between  the  first  and 
second  layers is the  same  as  that  between  the  third  and  fourth  layers).  Vacancy  mi- 
gration  would  involve  the  permanent  oxide  positions  and  broaden the interfaces 
with  time. The deuterium  isotope in the water of the second  exposure  shows that 
the  oxygen is traveling  with  deuterium  (or  hydrogen)  through  the lattice probably 
as OD (or  OH). The deuterium is a  trapped  species  that  exchanges  very little [i.e., 
little change is seen  after  a  third  exposure to ISOH, (Fig.  4.44b)I. The profiles  in 
Fig.  4.44  and  4.45 also show  that  the  oxygen isotope from  the  last  exposure is 
higher t~oughout  the  oxide. The  change in l80 in  the l 6 0  oxide layer is very  rapid. 
Using  a  series of short  exposures, the half-life for exchange  between  the  migrat- 
ing  species  and  the  gas  phase  was  measured  as 6 rnin  at 80°C. At  21°C the half- 
life was  -125  rnin.  These  experiments  also  showed  that the rate-limiting step for 
the oxidation  process is the  reaction  at  the  metal  interface  and is not  due  to  the  dif- 
fusion rate of rnigrating species, Although the migration is rapid, the migrating 
species  could  not be removed  in  vacuum  or  by  exposure to a  strong  desiccant at 
80°C. Thus  the  migrating  species is not  likely OH,. 

Before  this  study  was  done, it was  known  that the presence of oxygen in- 
hibited  the  reaction  between  water  and  uranium.  However, it was  incorrectly  as- 
sumed  (and  mathematically  inferred)  from  weight  gain  studies  that  the  mechanism 
for the i ~ i b i t i o n  was the formation of a  monolayer of adsorbed or chemisorbed 
oxygen  atoms  on  the  oxide  surface  that  served to block the adsorption of  water 
molecules  [144]. The SIMS profiles  in  Fig.  4.44b  made after the final  exposure to 
l80H, clearly  show  that the l80 migrating  species  has  traveled  to the metal  sur- 
face without  inhibition,  and  additional  reaction  with the metal  has  not  occurred  to 
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a  measurable  degree.  Thus,  the  inhibition by oxygen  occurs  in  the  reaction  process 
at  the  oxide-metal  interface,  not by blocking  reaction  at the oxide  surface. 

Surface  diffusion is an area in which  SIMS is unmatched  because of its good res- 
olution  and  high  sensitivity. An illustration of this  was  an  experiment  to  determine 
the diffusion of molecular  oxides  over  the  surface of salt to ascertain  whether  sur- 
face diffusion  would be a serious pathway for migration of plutonium  oxides or 
daughter  products  from  storage  locations  in  salt  formations  [145]. In the  experi- 
ment, La,O, was  substituted for plutonium  oxides  and SrO for daughter  products. 
L%O, and SrQ  (600  and 1400 nm thick, respectively)  were  deposited on a  pol- 
ished  NaCl  substrate  by  using  an electron beam.  Each  sample  was  heated to 693°K 
for 473-920 hr. The samples  were  carbon  coated to provide  conductivity. An 0- 
beam  was  used  to  sputter  areas 30 X 38 pm starting  at  a  point distant from the edge 
of the  deposit  and  moving  toward the deposit. The resultant  concentration  data 
were  superposed on plots generated  from  the  usual  one-dimensional  diffusion 
equation for a se~-infinite source. The fit of the data for SrQ  annealed for 4’73 hr 
is shown in Fig.  4.46.  At  the  low  end of the plot,  SIMS is detecting ~ l 0 - l ~  g of 
SrQ. The diffusion  rate of 2.0 X 10-lo cm2/sec  indicated  that  surface  diffusion 
would not  be a serious loss mode for salt formation storage. 

The closely  allied  topics of secondary  neutral  mass  spectrometry ( S ~ S ) ,  fast 
atom  bombardment (FAB), and laser ablation SMS are  important,  but  are  beyond 
the scope of this  chapter. SNMS is a  technique  in  which  neutral  atoms  or  mole- 
cules,  sputtered by an  ion  beam,  are  ionized  in  an  effort  to  improve  sensitivity  and 
to decouple ion formation  from  matrix  chemical  properties,  making quanti~cation 
easier. This ionization is commonly  effected by electron beams or lasers. FAI3 uses 
a  neutral  atom  beam  to  create ions on the  surface. It is often  useful for insulator 
analysis.  Laser  ablation  creates ions in either resonant or no~esonant modes  and 
can be quite sensitive  and  complex. 

Computer  software  and  hardware  are also important  to  the  modern  SIMS 
laboratory for automated  instrument  control,  data  acquisition,  data  display,  inter- 
pretation,  and  quantitation. 

S has  reached  the  status of a  mature  technique, ins~menta-  
ftware  improvements  continue at a  rapid  pace as range  and 

applications continue to grow.  High  detection  sensitivity,  high  spatial  resolu 
three dimensions,  detection of all elements,  and  isotopic  capability  give S 
strong  and  unique  position  among  surface  analysis  techniques. 
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Superposition of secondary  ion  mass  spectrometry (SIMS) concentration data 
for SrO on theoretical surface diffusion curves. SrO had  diffused for 473 hr at 693K. (From 
Ref. 145.) 
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Isotope  dilution  mass  spectrometry is a powerful  method for determining  the  quan- 
tity of an  element or an associated  compound  in a sample. It requires  that a spike 
of the same  element  but  with  an  isotopic  composition  different  from  that of the 
sample  be  introduced to it in a controlled  manner. The mass  spectrum of the mix- 
ture of spike  and  sample is then  used  to  determine  the  concentration of the target 
element  in the original  sample. In most  cases, a single  ratio is used,  one  that in- 
corporates the major  isotope  in  the  spike  and  the  major  isotope  in  the  sample;  these 
must be different  isotopes. The difference  in the value of this  ratio  in the sample 
and  in  the  mixture of sample  and  spike is proportional to the amount of the  target 
element  in  the  sample. 

Isotope  dilution  has  been  in  use for well  over  40  years,  having  been  devel- 
oped  by Ingham in  1954 for determination of minor  and  trace  level  elements [l]. 
It had  its  first  major  application  in  conjunction  with  thermal  ionization  mass  spec- 
trometry  but is today  used  with  virtually  every  kind of ins~mentation and  in  vir- 
tually  every  analytical  area  in  which  elemental conce~trations are of importance. 
It  also  has  been  applied to the determination of compound  concentrations by using 
an  appropriate  molecular  spike  containing  an  enriched  isotope of one of its ele- 
ments. It has gone  beyond its original  application  in  elemental  analysis of inor- 
ganic  materials  and is used  routinely  in  fields far removed from its origins. 

Isotope  dilution i s  usually the most  accurate  and  most  sensitive  quantifica- 
tion  technique  when  sample size is limited, It has in  recent  years  even  been  used 
in  certifying  the  compositions of reference  materials [Z]. The use of isotope dilu- 
tion  mass  spectrometry  in  the  standard reference materials  program of the National 
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Institute of Science and  Technology  has  been  described  by  Bowers et a1 [3]. A re- 
cent report describes  using  isotope  dilution  to calibrate analysis of solid  samples 
using electrothermal vaporization  with  inductively  coupled  plasma  mass spec- 
trometry  (ICP-MS) [4]. 

It is obvious  that, no matter  what  kind of mass  spectrometer or ionization 
method is used,  correction for isotopic bias is mandatory for successful  applica- 
tion of isotope dilution, The basis of the whole  technique rests on ~ s t w o ~ y  meas- 
urement of the isotope dilution ratio [R, in Eq. (5.7)], which  necessitates  applica- 
tion of a  bias  correction.  Accuracy of the final  result is critically  dependent  upon 
accurate  calibration of the inst~mentation, and,  as  always, it is important to have 
analysis of reference  materials  mimic  as  closely  as  possible  that of samples. 

An  absolutely essential step in isotope dilution is to achieve  equilibration of spike 
and  sample.  The  spike is usually  added  as  a  solution  whose  concentration is accu- 
rately  known; since many  samples  are  not  solutions,  chemical  processing is usu- 
ally  required  to  equilibrate  the  two.  This  invariably  involves  dissolving  the  sam- 
ple, not always  a  simple  task. The spike  solution is added to the  sarnple,  and  the 
two  are  thoroughly  mixed. ~quilibration for some  elements  requires  nothing  more 
than  to  have  spike  and  sample  in  solution  together.  Some  elements, like plutonium, 
have  a  multiplicity of oxidation  states  and  require  more effort; this  very  often in- 
cludes  drying the sample  and  redissolving it, and  adding  an  oxidizing or reducing 
agent to ensure that the target  element in both spike and sample assumes the same 
oxidation  state.  Once  equilibration is attained, it is unnecessary to achieve full re- 
covery of the  analyte  element  in  subsequent  chemical  processing,  one of the  big 
advantages of isotope dilution.  Full  recovery is not  required  because  chemical 
processes do not cause isotopic  fractionation, at least  to the degree  necessary to af- 
fect  results  significantly. This characteristic of isotope dilution is p ~ i c u l a r l s  ad- 
vantageous  when the sample is a  complex  matrix  such as vegetation, soil, or ani- 
mal  tissue. To exploit  this  attribute, the spike  should  be  added to the sample  as  early 
in  the  chemical prep~ation process as possible.  For  example,  in  the  author's  lab- 
oratory the 233U spike is added to the platinum  dish cont~ning a  vegetation  sam- 
ple  whose  uranium  content is desired  before it is inserted into the muffle  furnace; 
the  spike is thus  introduced  before  any  chemical  processing has occurred. 

Because  extensive  chemical  processing is involved  in  using isotope dilution, 
it is important to determine  the  level of the  process  blank  before  analyzing s a -  
ples.  Although there are a  few  instances in which  doing so is unnecessary, the vast 
majority of problems  require it; it obviously  becomes  more  important  with  de- 
creasing  concentration of the analyte  element.  Many  elements  are  ubiquitous in 
nature  and  occur at some  level  in  virtually all reagents,  including  purified  water. 
In  numerous  applications the blank  level  rather  than  the ins~mentation determines 
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the  process  detection limit. A process ~ Z a ~ k  is one that tests the whole  chemical 
procedure,  including the instrument  and all reagents. A known  amount of calibrated 
spike is added  to  the  solvent  (usually  acid)  and the mixture  subjected to all steps 
a real sample  would  undergo. The amount of the target element is measured  in  the 
same  way  a  normal isotope dilution  analysis is carried out.  If  the  blank is unac- 
ceptably  high,  the  source of conta~nation must be identified  and  eliminated. This 
can  be  a  tedious, time-consu~ng operation.  Once  the  blank  level is established,  sam- 
ples  must  be  corrected for its contribution  unless it is deemed  insignificant. 

Isotope  dilution  involves  isotopes of the  same  element,  thus  eliminating  differ- 
ences in  chemical  behavior  that  can  plague  techniques  that  use  different  elements 
for the  spike  than the one being  analyzed.  This,  along  with the fact  that  quantita- 
tive  recovery is not  necessary once spike  and  sample  have  been  equilibrated,  makes 
isotope dilution less subject  to  error  arising  in  chemical  processing  than  many el- 
emental  assay  techniques,  a  fact of great  importance at low  concentration  levels. 

.3 I 

Isotope  dilution  was  first  developed  by  Inghram  in  1954 [l]. Since that time its ap- 
plication  has  become  very  widespread,  and  has  been  used in numerous  disciplines. 
The following  derivation is based  on that of Hintenberger  [5]. The following  no- 
tation is used: 

C = concentration 
W = weight 
A = atomic  weight 
a = atomic  abundance 
R = ratio 
N = number of atoms 

The subscripts  are  defined  as  follows: 

S = unspiked  sample 
t = tracer  (spike) 
m = mixture of spike  and  sample 
i = major isotope in the sample 
k = major isotope in the spike 

The ratios (Rx )are  defined  as  follows: 

R, = ax /axk 
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We start with the following  equation: 

Ni Nis 3- Nit 

Nk Nks + Nkt 
R,=-= 

This is simply  the ratio of isotope i (sample)  to  isotope k (tracer  or  spike)  in the 
mixture of the  two as measured by the mass spectrometer.  Each isotope has a con- 
tribution  from each component of the mixture. 

Because  we  want  the  concentration of the total  element  and  not just that of 
a single  isotope,  we  modify the equation  to include the total  number of atoms in 
the  sample: 

A few  algebraic  steps to solve for N, yield 

N'(ait - 
N, = 

( '~aks  - ais) 

emanging  terns gives  an  expression  in  terms of isotope  ratios: 

Recall that Ns and Nt are  the  numbers of atoms in the mixture due to  sample 
and  tracer,  respectively. To convert them to weight  requires use of the familiar Avo- 
gadro  relationship and involves multiply~ng both  sides of the equation by 1 .O twice, 
thereby  introducing  the  atomic  weights of sample  and  tracer  (i.e.,  multiply each 
side by AJA, and AIA,). Note  that  Avogadro's  number  appears on both  sides of the 
equation  and  cancels  out. A, and A,, on the  other  hand,  are  not  equal and do not 
cancel. The resulting  equation is one  form of the isotope dilution  equation. 

In terms of concentration: 

This  formulation is only  one of several  that,  although  differing  in  notation 
and  in  formulation of the  collection of R terms,  are  algebraically  identical. The 
most c o ~ o n  formulation  seems to use Eq, (5.4) as the  starting  point for conver- 
sion from atomic  units  to  weight;  see, for example,  Faure [6] and  Jarvis et al.  [7]. 
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Others make use of concentrations in terms of atoms, as does, for example, 
Heumann [8,9]. Others  use  concentrations  in  terms of moles,  as do Fassett  and 
Paulsen [ 101 and  Dean [ 1 l]. Clearly each investigator  selects  the  form  with  which 
he or she feels most  comfortable.  Due  caution is indicated  to  make  sure of one’s 
units of concentration  before  blindly  using  an  equation  from  the  literature. 

There  are  several features to  note  about  this  equation.  It is important to rec- 
ognize  that it calls for weights  that include all isotopes of the  spike  and  sample  and 
not  solely the weight of the isotopes used  in Rm; the  equation  simplifies  if  these 
latter are  used,  but  most  chemists  think  in  terms of weight of the  element  (as  in 
parts  per  million)  and  not  one of its isotopes. The right  side of the equation is unit- 
less except the ~~/~~ term;  the  units  used  in  this  numerator  and  denominator  thus 
define  the  units of the  concentration  calculated.  Even  though the symbols  assume 
weights,  volumes  can of course be substituted.  Typical  units  are  micrograms  per 
gram  (ppm) or micrograms  per  liter,  but  they  can  be  whatever  units  the  analysis 
requires.  Another  point  to  note is that the only isotopes that  need be measured  from 
the mixture of sample  and  spike  are  the  two  involved  in  the  isotope  dilution ratio; 
none of the other isotopes  in the mixture  plays  a  role. The same is not  the  case for 
the spike  and the unspiked  sample,  however;  the full isotopic composition of each 
of these  components is required  to  calculate  their  atomic  weights. The amount of 
laboratory  work  required is reduced  when the isotopic  composition of the  sample 
is known,  as  would  usually  be  the case if it were the naturally  occurring  element, 
for which  the Inte~ational Union of Pure  and  Applied  Chemistry  (IUPAC)  tabu- 
lated  values of isotopic composition [ 121 are  invaluable;  enriched  isotopic  spikes 
usually  have  a  certificate listing their  isotopic  compositions.  In  these  relatively 
common  circumstances,  the  only  analysis  required is that of the mixture. 

Isotope  dilution is applicable to any  element for which  an  enriched isotope 
is available.  Figure 1.1 of Chapter 1 indicates  which  elements  are  amenable  to iso- 
tope dilution; in  most cases the  natural  element has at least  two  stable  isotopes,  but 
this is not  necessarily  the  case.  For  example,  232Th,  though  radioactive  (half-life 
of 1.4 X lOlo  years), is present  in the earth’s crust; 230Th  (half-life of ’7.5 X IO4 
years), an isotope  present in nature  at  such  low  levels  as  to be negligible for most 
applications, is used  as  a  spike for isotope  dilution  purposes in the  author’s  labo- 
ratory.  Another  common  example is the  use of 233U (a  synthetic  isotope)  as  a  spike 
for uranium  analyses. The only  elements  not  amenable to the technique  are  those, 
like cobalt  and  arsenic,  that  have  only  one stable isotope and all of whose  ra- 
dioactive  isotopes  have  half-lives so short  as  to  preclude  their  use. 

In the laboratory,  the  isotope  dilution  procedure  involves  adding  a  known 
amount of spike of known  isotopic  composition to a  known  amount of sample of 
known  isotopic  composition;  the  mixture of spike  and  sample is equilibrated; the 
ratio of the sample isotope to the  spike  isotope is then  measured;  and  the  resulting 
Rm is inserted into the  equation.  For  replicate  analyses,  this is the only  parameter 
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rnlx 
ure 1 Schematic mass  spectrum illus~ating isotope dilution. 239Pu is the sample iso- 

tope,  and 242Pu is the spike. 

in the equation that varies; the  rest  are constant. Figure 5.1 is a schematic drawing 
of the  mass spectrum produced by a mixture of sample and spike. 

If the greatest accuracy is required for a given concentration, a double spike 
(a mixture of two enriched isotopes) may be used; this subject is described in de- 
tail in Chapter l .  

For  the  best analytical precision, a good rule of thumb is to make  the spike isotope 
in the mixture approximately equal to that of the  major sample isotope-i.e., R,  

1.0. This is only a generality,  however,  and factors such as the relative abun- 
dances of the two isotopes in the spike and sample play a role. In addition, the  con- 
centration of the target element is not  always  known in advance  (it is, after all, the 
goal of the analysis to establish what it is!),  and there are many times when a less- 
than-optimu~ ratio of spike to sample must be dealt with. The issue is complicated 
by the fact that in most cases the spike isotope is present in the sample and the sam- 
ple isotope in the spike. Clearly it is desirable to minimize the degradation of re- 
sults caused by correcting for this situation. The ideal situation is one in which the 
spike isotope is not present in the sample, as is often the case for uranium, as the 
233U spike most  commonly  used is not present in nature. Failing that, the  most 
highly enriched spike of the least abundant natural isotope is the best choice. Un- 
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fortunately,  however,  low  abundance  and  high  enrichment equate to high cost, fre- 
quently  making the best  solution  impracticable;  in  cases  where  cost is prohibitive, 
another  stable  isotope of greater  natural  abundance  than  that of the  smallest  must 
be chosen. It is for this reason, for example,  that  enriched  42Ca (0.65% natural 
abundance)  and %2a (2.09%) are  more  often  used  than  46Ca (0.004%); the cost of 
enriched  46Ca is many  times  higher  than  that of the  other  isotopes. 

All of the  considerations  discussed  lead  naturally to the question of  what 
price  the  analyst  pays for this  less-than-ideal  spikeisample ratio. In  most  cases, 
error in  the  measurement of Rm makes the largest  contribution to analytical  uncer- 
tainty; the isotopic compositions of sample  and  spike  are  usually  well  known  in 
comparison to R,. The matter of error  propagation  in  isotope  dilution  analyses  has 
been  extensively  treated by Adriaens et al., [ 131, and  Patterson et al.  used  Monte 
Carlo simulation to study the problem [14].  Using propagation of error laws, 
Heumann  derived the following  relationship  with  which to calculate Itopt, the op- 
timum  spike-to-sample ratio (neglecting cost and  availability)  [S]: 

where the terms  are  as  defined for Eq. (5.7). The factor by  which  error is multi- 
plied for given  isotopic  enrichments is illustrated for thallium  in  Fig. 5.2. Tnspec- 
tion of Fig. 5.2 reveals  that  relatively  large  deviations  from the optimum  sample- 
to-spike ratio can  be tolerated in most analyses; in addition, the greater the 
enrichment of the  spike  isotope,  the less sensitive  the  analysis is to deviation  from 
optimum.  With  spikes of 80% or more  enrichment  in  203Tl,  sample-to-spike  ratios 
from 0.1 to 10.0 should  give  acceptable  results.  In  critical  applications  where  highly 
accurate  concentration  measurements  are  desired, it is advisable to obtain  an  esti- 
mate of the  sample  concentration to use  in d e t e ~ n i n g  how  much  spike  to  add. 
This analysis, of course,  need  not be by isotope  dilution  mass  spectrometry;  a  less 
time-consuming  and less expensive  method  would  be  preferred  in  most  cases. 

Enriched  stable  isotopes for use  as  spikes are available from several  sources; 
Oak Ridge  National  Laboratory  sells  them for most  solid  elements [ 151. 

The literature on  isotope  dilution is so voluminous  that it is impossible to cover 
the subject  thoroughly  in  a  single  chapter. It is in fact tantamount to impossible to 
locate all relevant  papers, let alone  read  them. There are  also  questions  arising  from 
the  definition of “inorganic.”  Elemental  assay  has  traditionally  been  an  inorganic 
discipline and  analysis  of,  say,  body  fluids  biological. The question is where, for 
example,  to  place  analysis of lead  in  human  serum. The area into which  such  analy- 
ses  fall  depends  on  whether it is the analyte or the  sample that is used for the  def- 
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atomic ratio Tl (sample)/Tl(spike) - 
Variation  of error multiplication factor with  enrichment of 203Tl. (From  Ref. 8.) 
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inition.  Elemental  assay of biological  systems is of such  importance  that  a  short 
section of this  chapter is devoted to it. 

The  following  material  has  been  chosen  as  representative of current  trends 
but  makes  no claim for completeness.  It  does  not  even  pretend to consistency, the 
author  consoling  himself  with  Emerson’s  famous  dictum  “Consistency is the hob- 
goblin of little minds” [ 161. Reviews  are  cited  where  known,  and  references  should 
be  considered  as  guides  to  further  information  rather  than to definitive  sources. 

As mentioned,  thermal  ionization  mass  spectrometry is the area  in  which  iso- 
tope dilution  developed  and  in  which it has  received  the  widest  range of applica- 
tions.  One of thermal  ionization’s  major  limitations is that it is essentially  a  sin- 
gle-element  technique;  in  no  way  can it be considered  multielement  in the sense 
that  numerous  elements  can be assayed  in  a single analysis. It is thus  highly  de- 
sirable to mate isotope dilution  with  multielement  analysis  capability.  Spark  source 
mass  spectrometry for years  dominated  elemental  analysis,  but  the  nature  of the 
samples  (solids)  made  use of isotope dilution  difficult.  Use of a  multielement  spike 
was  reported  as  long  ago  as  1970 by Paulsen et al. [ 171, however,  and  more  re- 
cently by Carter  et  al. [l81 and  by  Jochum et al.  [19,20]. 

In the last decade or  two, the advent of  new instrumentation  directed at ele- 
mental  analysis  has  provided fertile new ground for expanded  use of isotope  dilu- 
tion. Glow  discharge  mass  spectrometry is in  many  ways the modern  replacement 
for spark  source  and  has  similar  impediments to ready  application of isotope  dilu- 
tion. A recent  report of Barshick et al.  describes  assaying  lead  in oil residues  using 
the  technique  [21]. The obstacles  spark  source  and  glow  discharge  mass  spec- 
trometry  both  present to ready  use of isotope  dilution  make it unlikely that wide- 
spread  application of the  technique  will  occur  in  conjunction  with  them. 

The same  cannot  be  said for ICP-MS,  however.  Samples  are  usually  in so- 
lution  form,  ideal for mixing  spike  and  sample. This instrument,  described  in  de- 
tail in  Chapter  3,  has  had  huge  impact  on  many  areas of science  in  which trace el- 
emental analysis is important. The  use of isotope dilution in association with 
ICP-MS  has  been  described  by  Jarvis et al. in  their  book  devoted  solely  to  ICP- 
MS [7].  It has become  widely  accepted  as  a  reference  method  in  fields  not  nor- 
mally  thought of as  mass  spectrometric  such  as  in  analysis of medical  specimens 
[22],  and  a  review  describing  isotope  dilution’s  role  in clinical, pharmacological, 
and  toxicological  applications  has  recently  appeared  [23].  Fassett  has  summarized 
its application,  along  with other tra~tionally inorganic  techniques, to biological 
systems  [24]. There has  been  a spate of papers  in  recent  years  describing  results 
obtained by using isotope dilution in association  with  ICP-MS  in  inorganic  appli- 
cations,  many of them  dealing  with  environmental issues; two  recent  reviews by 
Heumann  bring  the  subject into focus [8,9]. 

Because  ICP-MS is multielemental  and  samples  are  normally  in  solution 
form, use of a  multielement isotope dilution  spike  has  many  attractive features, 
Spikes for individual  elements  can be kept  separate  and  mixed  in  appropriate con- 
centrations for the  problem at hand.  Many  samples  are from the environment, so 
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for most  elements  natural  isotopic  composition  as  specified by International  Union 
of Pure and  Appliced  Chemistry  (IUPAC)  can be assumed. The only  instances  in 
which  this  might  not  apply  are  those  in  which  elements  have  isotopic  compositions 
that  are  not  constant in nature.  Examples  are  fission  products  (such  as  neodymium), 
in  which  small  deviations from primordial  composition  might be encountered,  and 
the  end  products of naturally  occurring  decay  chains.  Lead, the end  product of the 
decay of uranium  and  thorium, is the outstanding  example of the  latter.  235U  and 
238U decay to 207Pb  and  206Pb,  respectively;  232Th  decays  to  208Pb.  204Pb is thus  the 
only  stable  lead isotope that  has  no  radioactive  precursors.  There  are  numerous 
steps  in  each  decay  chain,  mostly  through  short-lived  nuclides.  There  was  consid- 
erable uranium,  thorium,  and  lead  present  in  the  primordial earth, and the ratio of 
the  three  elements  varies  widely  with  location. This causes the isotopic  composi- 
tion of natural  lead  to  display  enormous  variation;  assuming  any  given  composi- 
tion is ill advised. Such variation  in lead isotopes is only to be expected  when one 
recognizes  that  the  half-life of 238U (4.5 X lo9 years) is about  the  age of the earth; 
half  the  238U  present at the  earth’s  formation  has  thus  decayed to 206Pb.  These  and 
other na~ra l ly  occurring  radioactive  isotopes  distort the isotopic  compositions of 
their  decay  products,  thus  providing the basis of isotope  geochronology.  Examples 
are cited  in  the  next  section. 

By determining the amounts of a naturally  occurring  radioactive  isotope  and its 
daughter in a  given  sample,  geoscientists  are able to calculate its age [6] .  The fact 
that  the  isotopes are naturally  occurring  means  that  half-lives  are  very  long.  Sev- 
eral systems,  including  Rb-Sr,  Sm-Nd,  Lu-Hf,  Re-Os, andTh-Pb, use  isotopes  with 
half-lives in excess of 1O1O years.  Many  age-dating  techniques  use  isotope  dilution 
to establish  how  much of each  element is present.  Plots of one ratio versus  another, 
called ~ ~ o ~ ~ ~ o ~ ~ ,  allow  determination of the specimen’s  age.  As  one  example, 176Lu 
emits  a  beta  particle,  decaying to 176Hf  with  a  half-life of 4.58 X 1Olo years.  Fig- 
ure 5.3 is the  isochron for samples from Greenland; it establishes  the date at  which 
Amitsog  gneisses  separated  from the mantle  as 3.59 * 0.33 X lo9 years ago [25]; 
this is very old, for the age of the earth is about 4.5 X lo9 years. 

Studies  such  as  this  one  allow  geoscientists  to  investigate the past  and  to  get 
some idea of geological  conditions  then. Because a  small  error  in  the  measurement 
of the ratio translates into a  large  uncertainty  in  the  calculated  age of the  sample, 
isotope dilution  mass  spectrometry’s  superior  sensitivity  and  accuracy  are  impor- 
tant in obt~ning meaningful  results. 

Environmental  Applications 

~ o u n t i n g  concern  worldwide  about  emission of toxic  substances into the  envi- 
ronment has driven  elemental  analysis to new  levels  of  sensitivity  and  accuracy, 
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Figure 3 Lu-Hf isochron for samples from Greenland. (From Ref. 25.) 

and  one  important  recent  trend  in  environmental  applications is the  analysis of el- 
emental  concentrations at extremely  low  levels.  Detection limits in  the  picogram 
per  gram  (ppt)  range for numerous  elements  have  been  achieved by several  teams 
of investigators.  Positive  thermal  ionization  mass  spectrometry  was  used to meas- 
ure  concentrations  in  these  ranges for Pb, Rb,  and  Ba  in the atmosphere  over the 
Pacific  Ocean [26], as  were  those for Pb, NI, Cu,  Cd,  and T1 over  the  South  At- 
lantic Ocean  [27]. Concen~ations of  heavy  metals  in  Antarctic ice normally  fall 
below 10 pg‘g and for some (Tl, Cd,  Pb)  are  below  1 pg‘g [28,29]. Concen~ations 
in the picogram  per  gram  range  have  been  reported for Re, Pt, and Ir in  sediments 
and for Re and  Pt in natural  waters  using  a  flow  injection  introduction  system for 
an  ICP-MS [ 301. 

In  a  radically  different  analytical  situation,  Kelly et al.  used  thermal  ioniza- 
tion  and isotope dilution  to  determine  the  amount of sulfur  in fossil fuels E3 l]. 
These  materials  (oil  and coal) were to be  used  as  reference  materials for analyses 
by other analytical  techniques;  the  superior  accuracy  and  precision of isotope di- 
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lution mass  spectrometry  were  put  to  good  use.  Quoted  precision for oil samples 
was 0.5% and for coals, which  are  more  inhomogeneous than oil, 1% to 4%. 

ICP-MS  dominates  the  field of environmental  assay;  most  metallic  and  am- 
photeric  elements  are susceptible of analysis,  and it is often  a  great  convenience 
(to  say  nothing of being  relatively  economical)  to be able  to  assay for all elements 
of interest in  a single analysis.  Another feature of ICP-MS,  however,  has  been  ex- 
ploited  perhaps  even  more  tellingly  than  multielement  analysis. This is that the 
sample  introduction  system lends itself to a  wide  variety of enhancement  schemes, 
in part  because the sample is introduced  to  the inst~ment  at atmospheric  pressure 
and  in  part  because  samples  are  most  often  in  a  water-based (dilute acid) medium. 
These attributes combine to allow various separation and  preconcentration 
schemes to be  implemented on-line or nearly so. 

Info~at ion  of critical importance for many  elements of environmental  con- 
cern is the  identification of their species. For  example,  chromium  in  the +3 oxida- 
tion state is relatively  innocuous,  whereas  in the +6 state it is extremely  toxic. Spe- 
ciation is such  an  important issue that  an entire chapter  in this book is devoted  to 
it. Only  a  few  aspects  related to isotope dilution are  mentioned here, 

One  ineluctable  aspect of isotope dilution is that  enriched stable isotopes 
range in cost from moderately  expensive to prohibitively so. It is thus  highly  de- 
sirable to  minimize  consumption of spike  isotopes, and, since environmental  sam- 
ples  are  often large in  volume, it is undesirable to spike  the  original  sample di- 
rectly.  Heumann et al.  addressed  this issue by developing  a dual delivery  system 
for ICP-MS  interfaced to a  high-pressure  liquid  chromatography  (HPLC)  separa- 
tion  system  [32,33];  a  schematic  drawing of&his system is shown  in Fig. 5.4. The 
system  allows  simultaneous  introduction of two  streams of solution to the ICP 
torch.  One is the sample,  which is the  effluent  from  the  HPLC  column;  the other 
contains  the  solution of the spike for the  analyte  element.  For  species-specific  quan- 
tification, the spike is added  to  the  sample  in  the  usual way.  For d e t e r ~ n i ~ g  the 
total  amount of the target  element  in  the  sample  independent of species, the  HPLC 
is not  used,  and  spike is added  through the second  introduction line to the ICP 
torch.  By  this  means,  spike  consumption  can be minimized  and,  through  HPLC, 
speciation  achieved. The two  different  spikes are often  in  different  oxidation  states. 
One is used to quantify the species of concern  (e.g., erv1); the other is not specific 
and  measures  total  element  concentration. The system  was  first  demonstrated for 
copper  and  molybdenum  [32]  and  extended to analysis of natural  waters  with  high 
humus  concentrations,  which is a  challenging  matrix  [34]. A mul~element spike 
of 10 n m  of each element  was  used  to  determine  Cr,  Ni,  Cu, MO, I, and  Pb  from 
several  rivers  and  other  natural  waters. 

Heumann’s  group also interfaced  a  gas  chromatograph to an  ICP-MS for 
analysis of volatile  elements  in  environmental  samples  [35]. The big  advantage of 
introducing  gas-phase  samples  over the more  conventional  solutions is that  ele- 
ments  can be transferred  to  the ICP without  incurring  the  losses  attendant  on  neb- 
ulization.  Figure 5.5 is a  drawing of the apparatus  involved.  Using  isotope  dilu- 
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Schematic diagram of  high-pressure liquid c~omatography inductively  cou- 
pled  plasma  mass  spectrometry  (HPLC-ICP-MS)  system  with dual-inlet system for isotope 
dilution analyses. (From Ref. 32.) 

tion,  the  authors  were  able  to  obtain  good  agreement  with  standards for selenium 
at the  10-nglmL  level. The spike  was  s2Se,  and  two  isotope  dilution  ratios  (77Se/82Se 
and  78Se/82Se)  were  used  to  improve the accuracy of the  speciation  analyses. 

Barshick et al.  adopted a different  approach for the  speciation of mercury 
[36] These  investigators  used a commercial gas chromatograph-mass  spectrome- 
ter  (GC-MS)  in  their  work;  the  mass  spectrometer  was a quadrupole  ion  trap. A 
solid  phase ~croestraction fiber was employed  to  collect  volatile  organic  species, 
which  were  then  desorbed  and  subjected  to  GC-MS  analysis.  Subsequent to analy- 
sis of organic  mercury  compounds,  inorganic  species  were  converted  to a volatile 
organic form and  analyzed,  thus  providing  total  mercury  in  the  sample.  Quantifi- 
cation of mercury  at the 400-ppb  level  using a calibration  curve  yielded  precisions 
of about 1596, whereas  use of a 204Hg spike  and isotope dilution yielded 1 % [3’7]. 
This is a good  example of the power of isotope  dilution to deliver  improved  results 
even  when a mass  spectrometer  not  designed for isotope ratio  measurements is in- 
volved. 

Joining  another  type of ancillary  device to ICP-MS,  Beary et al.  developed 
a continuous- ow microwave  digestion  apparatus for isotope  dilution  analysis of 
lead  in  environmental  samples [38]. Although  introduction  to  the ICP torch  was 
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urt? 5 Schematic diagram of gas chromatograph inductively coupled plasma  mass 
spectrometry (GC-ICP-MS) system. (From Ref. 35.) 

not  continuous,  sample  preparation time was  reduced to about 10 min,  and  the  au- 
thors  were  able  to  exploit the ability of microwave  digestion to dissolve  a  large 
number of sarnple  types  and at the same  time  benefit  from the accuracy  and  pre- 
cision that isotope dilution provides.  Good  agreement  between  their  results  and 
other  techniques  was  obtained for leaves, air filters,  sludge,  dust,  paint,  and  urine. 

Use of stable isotope dilution to assay  elemental  concentrations  in  biological  sam- 
ples  has  increased  markedly  in  the  recent  past.  Part of the  reason is that use of ra- 
dioactive  isotopes  previously  employed  as  tracers  has declined, and  part is that in- 
terest  in  the  effect of various  elements  on  biological  systems  and  their  fate once 
they enter the food  chain  has  increased. This important  field is far from the author’s 
area of expertise, so what  follows  should be considered  a  rather  haphazard  survey 
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of some  recent  publications  in  which isotope dilution  mass  spectrometry  was  used 
to good  advantage. 

One  excellent  example  was the determination of lead  in  human  plasma  at 
sub-nanogram  per  milliliter  (sub-ppb)  levels  by  Bowins  and  McNutt  [39].  Detec- 
tion limits of 16 X g  were  reported.  Use of a  204Pb  spike  and  electrothermal 
vaporization  provided  excellent  sensitivity  and  accuracy,  with  precision better than 
2%  at the 1.3-ngkL level. 

Jiang et al.  recently  reported  use of two  different  sample  introduction  ap- 
proaches  to  analyze  Cu,  Cd,  and  Pb  in  biological  samples  through  use of a  multi- 
element  isotopic  spike. The first  was  anodic  stripping vol tmet ry ,  first  adapted 
for  ICP-MS application by Caruso, Pretty, and  coworkers  [40-42]; this step 
achieves  both  elemental  preconcentration  and  elimination of the matrix.  Jiang et 
al.  describe  optimizing  the  system for use  with isotope dilution  and  report  good 
agreement  (ca.  2%) of their  results  with  certified  reference  materials  [43]. The sec- 
ond  development of this  group  was  using isotope dilution  in  a  system  in  which  an 
electrothermal  vaporization  device  converted the sample  to the gas  phase  [44]. A 
palladium-treated  graphite crucible was  used  to  overcome  the  excessive  volatility 
of cadmium.  Again  good  results  were  obtained from reference  materials. 

Yoshinaga  and  Morita  used isotope dilution in conjunction  with  ICP-MS to 
measure  mercury  in  biological  and  environmental  samples  [45]. The same group 
used  microwave-induced  plasma  mass  spectrometry for the isotope  dilution  analy- 
sis of selenium  in  biological  materials 1461. Analysis of nickel  via  isotope  dilution 
and  ICP-MS  has  been  reported  by  Patriarca et al[47]. 

Isotope  dilution  mass  spectrometry  was  used in the nuclear area almost  from its 
inception.  Most  Department of Energy  (DOE)  laboratories  monitored  uranium  in 
some form or other,  whether for process  purposes or for evaluation of releases to 
the environment. Since this is a  relatively  mature  field,  and since the United States 
has curtailed its development of nuclear  power,  research  in  this  area is much less 
active  than it used to be. 

One of the  most  significant  parameters in reactor  operation is burn-up"i.e., 
the amount of usable fuel consumed.  One of the most  important  uses of this in- 
formation is comparison of actual  burn-up  with  predictions of computer codes; ac- 
curate codes are vital to efficient  and  safe  reactor  operation. The most  commonly 
used  calculations  require  knowledge of the isotopic compositions  and  amounts of 
uranium,  plutonium,  and  neodymium  [48]. The necessary  analyses  make the pro- 
cedure  both  time-consuming  and  very  expensive,  especially  as  spent fuel rods are 
radioactive  enough to require  that initial operations  be  performed  in  a  hot cell. Iso- 
tope dilution  has  traditionally  been  used  as the means of quantification of all three 
elements. Green et al. report a thorough analysis of spent fuel rods in which 
nanogram  quantities of the three elements  were  analyzed;  precision  ranged  from 
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0.1 % to 0.5% [49]. The same  laboratory  measured  part  per  million  (ppm)  levels of 
iron  in  zirconium  using  isotope  dilution [SO];  the study  was  aimed at elucidating 
the defo~at ion  effects of iron  contamination  in  alloys  used  in  reactors.  In  both 
these  studies,  mass  spectrometers  specifically  designed for the measurement of iso- 
tope ratios were  used,  and  thermal  ionization  was  employed to generate the ion 
beams. 

In a different  application  not  directly  related to nuclear  matters  but  nonethe- 
less addressing a similar  problem,  Beer  and  Heumann  used  isotope  dilution to 
quantify  trace  levels of U, Th, Cu, Lb, Cd,  Cr,  Ni,  and  Fe  in  titanium, a metal  ex- 
tensively  used  in  the  microelectronics  industry,  in  which  purity is of critical import- 
ance [S  l]. Detection  limits  ranged  from 0.07 ngg for U and  Th  to 35 ndg for Fe. 

An example of  what  one  might  call  “double”  isotope  dilution  was  reported 
by Smith et al. [52]. The specific  problem  addressed  was the d e t e ~ n a t i o n  of the 
quantity of material  (either by weight or volume)  in  holding  tanks  in the nuclear 
fuel cycle.  Safeguards  require  establishing a material  balance for these  tanks,  which 
contain  solutions of spent  reactor fuel and,  being  highly  radioactive,  constitute a 
hostile  matrix. The method is a general  one,  however,  and  can be applied to any 
situation  in  which the amount of solution is desired. The method  involves  adding 
a known  amount of natural  lutetium  to the tank;  this  was the first  spike.  Lutetium 
was  chosen  because it was  not  present  in  the  sample  solutions  and is well  behaved 
under  thermal  ionization; other elements  could of course be used.  After  addition 
of the  spike,  the  contents of the tank  were  thoroughly  mixed.  An  aliquot  was  with- 
drawn  and a lutetium  spike of enriched 176L,u (the  second  spike)  added.  Isotope di- 
lution analysis  via  thermal  ionization  mass  spectrometry  was  carried out; knowl- 
edge of the  amount of natural  lutetium  added  to the tank  and its conc~ntration made 
calculation of the  amount of solution  in  the  tank  simple.  Precision  and  accuracy of 
about 0.5%, superior to those of other  methods of tank  calibration [53], were  ob- 
tained. 

It is with  considerable  gratification to the  author  that  preparation of this  chapter 
brought  home  the  realization  that in his  professional  lifetime  isotope  dilution  has 
moved  from a recondite  technique  used  only by a few initiates into the mainstream 
of analytical  science,  making  valuable  contributions in a multitude of fields  as  dis- 
parate  as  the  nuclear fuel cycle  and the workings of the  human  body. 
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Surface  ionization  constitutes  a  wide  range of processes  whereby  ions  are  emitted 
from  a  hot  surface.  The  physics of Saha-L~gmuir (S-L)  ionization [l], whereby 
a  neutral  vapor-phase  atom  strikes  a  high-temperature  solid  surface  and is re-emit- 
ted  as  either  a  positively or a  negatively  charged  atom,  has  been  understood for 
many  years. The derivation of these  formulas is specific for the removal or addi- 
tion of an  electron  to  a  neutral  vapor-phase  atom  striking  a  hot  surface  and is not 
valid for molecules or molecular  transformations, The S-L equation  can be fit  rea- 
sonably  well  to  experimental  data (to at  least  a  first  approximation) for situations 
in  which  an  element  in  the  zero  oxidation  state  sublimes from a  hot  surface-for 
example,  sublimation of positive  and  negative  rhenium  ions  from  a  pure  rhenium 
filament at 2100°C [2]. These situations are referred to  here as psedo-4-l;  
processes (as  distinct  from  a  true S-L process)  and  specifically  situations in which 
an  element  in  the  zero  oxidation state is volatilizing  from the surface  as  a  mix of  
positive ions, negative ions, and  neutrals.  Saba-Langmuir  ionization is explained 
in detail in  Chapter l. 

In  practice  there  are  few  systems  in  which the S-L model  actually  describes 
the  ion  formation  process, since molecular  transformations  are  usually  involved  in 
this  process. A more  typical  thermal  ion  source  has a multiple-filament mange- 
ment  wherein  a  neutral  molecule  volatilizes from a  sample  filament at a  modest 
temperature,  undergoes  fragmentation  on  a  much  hotter ionizing filament,  and 
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revolatilizes  as  an  atomic  ion.  These  processes  are less well  understood since they 
involve  a  chemical  change  from  a  molecule  to  an  atom  in  addition  to  the  change 
in  charge  state.  Experimentally  the  temperature  and  work  function  (WF) of the  ion- 
ization  surface,  and  the  ionization  potential (IP) or  electron  affinity  (EA) of the  ion 
species,  continue  to  be  important  parameters.  This  chapter  deals  with  the  types of 
thermal  ionization  processes  in  which  an  inorganic  solid is heated  to  a  high  tem- 
perature  and  ions  are  emitted  directly  from  this  deposit.  These  are  referred  to  as 
ion emitters and  are  conveniently  divided into two  categories:  ion  emitters  with  the 
ion of interest  presynthesized  and  embedded into a  suitable  matrix  from  which  this 
preformed  ion  sublimes,  and emitters in which the ion of interest is produced  via 
a  chemical or physical  process either within the matrix or during  volatilization from 
the matrix, ~nderstanding of the  basic  principles of  both  types of ion  emitters is 
still in  an  early  state  of  development,  and  some of the  concepts  presented  in  this 
chapter  are  preliminary  and  in  some  cases  are just now  being  submitted for jour- 
nal  publication. Still other  topics  are  presented  here  as  research  opportunities. 

The vast  majority of materials  vaporize  only  neutral  species at elevated  tem- 
peratures,  and  only  a  few  materials  emit  ions  to  an  appreciable  extent.  As  an  in- 
troduction  to  the  topic of ion  emitters it is useful  to  ask  the  question,  What  causes 
a  thermally hot condensed  phase  material to vaporize  atoms  and/or  molecules  as 
ions  rather  than  as  neutral species? This is a nontrivial  question  and  only  recently 
have  some  models  that  address  this  question  begun to emerge for a  few  ion  emit- 
ters, These models  are  still  in  the  conceptual  state,  and  although  they  are  consis- 
tent  with  limited sets of experimental  data,  ideally  they  will  achieve  considerable 
refinement  in the coming  years. 

The IP for cation  emission  and  the  EA for anion  emission  continue  to  be im- 
portant  experimental  parameters for ion  emitters,  as  would be expected since these 
parameters  define  the  thermodynamic  stability of the particular  ion. The WFs of 
the  surfaces of the mixtures that constitute emitters are  largely  unknown  and  are  a 
gap  in our understanding of these  materials,  although it would  be  expected  that  this 
parameter  would also be  important.  The  work  functions of the  pure  material  that 
is blended into the emitters  as the major  constituent  are  known,  however.  Anion 
emitters  tend  to  have  a  major  constituent  with  a  low  work  function,  such  as  a  rare 
earth oxide or an  alkaline  earth  oxide. The situation for cation emitters is less clear, 
although  they  tend to be mounted  on  filaments  made of a  metal  with  a  high  work 
function  such  as  metallic  rhenium or platinum.  Experimental  measurement of the 
work  functions of some of these  surfaces is a  good  research  opportunity. Since ion 
emission i s  from the deposit itself, one would  think that the filament  material  would 
not  be  important  as  long  as it could  tolerate the required  temperatures.  Experi- 
mental  results  suggest  this is not  always  true. In two  instances [3,4] solubility of 
the  base  metal  in  the  ion emitter has the effect of poisoning  emission. On the other 
hand,  in  the case of the  alkali  metal  zeolite cation emitters it has  been  shown  that 
various  supporting  materials  work  equally  well [5 ] ,  as  there  does  not  seem to  be a 
solubility  problem for the metals  in  the  zeolite  at the experimental  temperatures. 



The ~ ~ ~ s s i o n  of Ions 243 

In  general,  pure  materials do not  emit  appreciable  quantities of ions; the one 
exception is self-ionization  from  high-temperature  refractory  metals [2 ] .  In the ma- 
jority of useful  ion  emitters the material  from  which  ions  are to be produced is em- 
bedded  in  a  matrix  that is usually  more  refractory  than  the  material  itself  and  al- 
lows  migration of the  species of interest.  For  many  ion  emitters the more  refractory 
matrix is thought to have  the  effect of increasing the temperature of volatilization 
of the  species from which  ions are to be produced,  and the higher  operating  tem- 
perature  increases  ionization  efficiency for most  emitters. There are  other  matrix 
effects  that  have  been  identified  or  hypothesized for various  ion  emitters  such  as 
migration of the species of interest, and  these  are  mentioned  as the emitters are dis- 
cussed. 

The importance of the chemical  composition of these inorganic  deposits  in 
regard  to  ion  emission  has  been  understood for many  years  and is illustrated by the 
work of Studier et al. [6]. A deposit of uranium  on  a  hot  filament  emitted  a  variety 
of ions, depending  on the oxidizing  and  reducing  agents  added to the  material. 
They  presented  their data in  the  following  format: 

Oxidizing  agents  (e.g.,  oxygen) 

uc +, U+, uo+, UO,C, UO,+ 

Reducing  agents  (e.g.,  carbon) 

These  results illustrate the  importance of the chemical  species of the element 
present  in the deposit  with  regard to ion  emission  (and  gives  insight into the effect 
of the oxidizing/reducing  nature of the ion emitter) but tell little about the actual 
mechanisms  active  in  the  ion emitting process. As an  example, the ions  could be 
emitted either from  the  deposit  itself or from  an  intermediate  material  that  formed 
as  a  consequence of the chemical  properties, or it could be entirely  an  interface 
phenomenon  in  which  the  deposit  only  served  as  a  repository for the uranium 
species  and  the  supporting  filament  served  as the ionization  surface. 

The study of the mechanistics of ion  formation from hot  ion  emitters  has  be- 
come a  topic of research  in the author's  laboratory  in  recent  years, As with all re- 
search, the  deeper  one  probes the more there is to study. menever a  new  level of 
understand in^ was  achieved, new questions arose  that  required new approaches 
and  in  some  instances new inst~ments custom  designed  and  built to accomplish 
measurements  needed to achieve the next  level of understanding.  These  instru- 
ments  are  described  with  examples of  how  they are applied. 

This work  was  initiated  with  a  standard  National  Bureau of Standards ( N B S )  style 
single magnetic  sector  mass  spectrometer  (see  Chapter 1). This capability  was  sup- 
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plemented  with three new types of instruments  constructed or modified from  more 
standard  designs  to  accomplish  specific  types of measurements: 

1. An  ion  imaging  instrument [S] for imaging  the  regions  on  an emitter 
from  which  ions  are  originating 

2. An iodneutral mass  spectrometer [7] that allows the ions and the neu- 
trals (via  electron  bombardment  ionization)  volatilizing  from  the  emit- 
ter to be  measured  in  sequence 

3. A secondary  ion  mass  spectrometer (SIMS) able to analyze the chemi- 
cal composition  and  speciation of the  surface of ion  emitters at full op- 
erating  temperature 

Several new types of source  mounts  have also been  developed to allow  op- 
timal  placement  and  operation of the ion  emitters  in  these  instruments.  These in- 
struments  provide  complement^ information  on the properties of ion  emitters 
that  are  helping  to  elucidate  the  mechanisms by  which  ion  emitters  function. This 
knowledge  has  allowed the development of better  ion  emitters. 

Before  describing  sample  mounting  techniques it is important to discuss  the issue 
of voltage  spread  across  an  ion emitting surface  and  the way it interacts  with the 
extraction  and  focusing of the  emitted ions, This is a  very  important  aspect of both 
the  experimental  apparatus  and the implementation  in  useful  ion  sources.  In  ther- 
mal  ionization  (and  in SMS), the single  most  important  element  in the ion lens 
system is the sample itself. This is because the ions are  at  their  lowest  velocity just 
as  they  are  emitted from the sample surface,  and  thus  their  flight  paths  are  more 
readily  altered by either electric or magnetic  fields.  Another  aspect of this issue is 
that it is physically more difficult to design  and  build  a  useful  ion  emitter/ion lens 
with  a  high  level of symmetry  around the emitter than for the  rest of the lens. Any 
minor  irregularities  in  the  electrostatic  fields  in the region  near  the emitter have  a 
far greater  effect  than  in  regions after the initial acceleration of the  ions. This is 
why  the NBS style mass  spectrometer is operated  with  a  nearly  field-free  region 
su~ounding the filaments  when  a  triple-filament  source is used,  and it is operated 
with a substantial  draw-out  voltage  when  a single-fila~ent source is used. The 
t~ple-filament assembly  adds  sufficient  electrostatic  asymmetry to the source  re- 
gion  that  only  a  weak  draw-out  voltage  can be tolerated. 

In general, it is important to maintain  electrostatic  symmetry  around  the  axis 
of a lens that  has  cylindrical  geometry,  and to maintain  electrostatic  symmetry 
along  the y and z axes of a lens  with  planar  geometry.  Deflection  electrodes  vio- 
late this  rule,  but  they  are  generally  downstream  in the lens,  where  the  ions  have 
much  greater  velocity  and  hence  they  have less effect  on  the  focusing.  Also, the 
deflection  offset is quite small  when  the  source is properly  aligned, m i n i ~ z i n g  de- 
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focusing.  Improperly  designed  deflection  electrodes  that  deflect  the  ions  a  sub- 
stantial  distance  can  severely  defocus  a  beam,  however. A voltage  spread  across 
the face of the  emitter  adds  an  element of asymetry at the worst  possible  loca- 
tion  in  the entire lens, causing  random  defocusing of the  ion  trajectories.  Conven- 
tional thermal  ionization  sources  have  up  to  a 2-V drop  along the length of the fil- 
ament  facing the lens from  resistance  heating.  An  experiment  conducted  in  the 
author’s  laboratory,  but  never  published,  showed  significant  defocusing of a  pla- 
nar  beam from this  eBect.  In  a lens with  cylindrical  geometry there is considerable 
defocusing,  as is discussed  in the section  on  ion  imaging. Thus consideration  must 
be given to const~cting an  ion emitter with little or no voltage  spread  across  the 
face. 

ounting Samples 

%o types of miniaturized  sample  mounting  procedures  have  been  developed.  In 
the first, the sample is mounted  on  a  miniature  version of a single-fila~ent design 
of the type  described  in  Chapter l and  mentioned  previously. This design is shown 
schematically  in  Fig. 6.1. The  distinguishing features of this  design  are  that  the 

ront 
ure 1 Illustration of the “mini~lament” used  to  minimize  voltage  spread  in  the sam- 

ple region of the  ion  source and to concentrate  the  sample closer to  the central axis of the 
ion optics. 
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portion of the  filament  facing  the lens is shortened  by  about  a factor of 4, with  a 
voltage drop of 0.5 V or less across the face, and the sample concen~ated close to 
the  lens  on the face of the  filament.  This  design  has  been  useful for a  variety  of  ex- 
periments  in  which the approximate 0.5” spread  across  the  ion  ernitter  does  not 
cause  complications. 

The other design, shown in Fig. 6.2, has the sample  pressed into one  end of 
a tube  with  the  opposite  end  plugged.  This tube is supported by filament  material 
normally  used  in  thermal  ion  sources,  typically  rhenium. The assembly is heated 
as  a  standard  filament is, except the resistance  across  the  tube is less  than  the  re- 
sistance along the length of the filament.  Essentially the entire voltage  drop  across 
the assembly  occurs  along  the  length of the filament,  with the tube at  a constant 
voltage  that is close to one  half of the  voltage drop across  the  assembly. Since the 
resistance of the  tube is so low, little heat is generated by the current flow, so the 
heat is supplied by thermal  conduction  from  the  filaments. This sample  mounting 
also reduces the likelihood of the emitter’s falling from the mount since it is con- 
tained  in  the  tube.  Most of the  work  described later in  this  chapter  employed  one 
of six  variations of this  design. 

S 

nt Sid  
Illustration  of  a  version  of  the  “tube  ion  source.”Voltage drop is  primarily  across 

the f i l ~ e n t  since  the walls of  the tube have  much  higher  electrical  conductivity  than  the 
filament  as  a  result  of wall thickness.  The  tube  therefore  has  nearly  constant  voltage  across 
the  ion  emitting  face. 



247 

Diagram of the “ion source imaging ins~ment .”  The spatially resolved  ion 
beam is projected onto the image intensifier to produce an image of the ion emitting regions 
of the  emitter. 

In an attempt to gain  an  understanding of where  ions  originate  on  these  materials, 
an instrument [53 was  constructed for the  purpose of imaging the ion  emitting  re- 
gions.  Figure 6.3 is a  diagrammatic  view of the instrument. The heart of the in- 
strument is the ion lens that projects  a  spatially  resolved  image of the  ion  emitting 
regions  onto  an  image  intensifier. The image  intensifier  consists of a  chevron  mi- 
crochannel  plate  interfaced  to  a  phosphor  coating  plated  on  the  vacuum  side of a 
fiber  optic  bundle  sealed into a  vacuum  flange. The image of the  beam  striking  the 
device  can  then be viewed from the other side of the fiber-optic  bundle  outside the 
vacuum.  Details of the design  and  operation of the  instrument  are  given  elsewhere 
[5]. The  instrument  produces  total  ion  images  from  the  surface  being  studied,  pro- 
viding  no  mass  resolution. The approach of not  mass  resolving the ion  beam  greatly 
enhances  sensitivity  and ease of operation  and  reduces the cost of the instru~ent 
by about  an  order  of  magnitude  but  lirnits  usefulness to the study of emitters  with 
relatively  pure  ions. This did  not  pose  a  problem for the types of studies of rela- 
tively  pure  ion  beams forwhich this  instrument  was  intended.  When  operating  with 
high-intensity  ion  beams A) the image  on  the  image  intensifier  can  be  pho- 
tographed  with  a  camera,  whereas  at  lower  intensities  the image is captured  with 
a  high-gain  video  camera. The photographic  camera  gives  much  higher  resolution 
than the video cmera but  yields  reduced  sensitivity since the video  camera  can 
detect  very  low  levels of light, allowing  short  exposure  times  with  low-intensity 

Other  than  the issue of mass  resolution,  the  major  limitation of the  instru- 
ment is the  requirement  that  samples be at  a  constant  voltage  across  the face of the 
emitter. The tube  ion  source  gives  about  two  orders of magnitude  higher  imaging 
resolution  than  the  short  filament  source (3  pm vs. 200 pm) because of the issue 

~ beams. 
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of voltage  spread  across  the face of the emitter, as mentioned  in  the  preceding  sec- 
tion.  Thus,  even a OS-V spread  across the emitter face causes  considerable  defo- 
cusing. 

This  ion  imager  has  allowed  answers to be obtained to the  question,  Where 
on the emitter do the ions originate? All  of  the  systems  studied  to  date  emit  ions 
from the surface of the  main  body of the emitter. This is illustrated in the images 
presented  in  Fig. 6.4a-d. The photographs of the  first three of these  emitters (CS+ 
in  Fig.  6.4a,  Reo,"  in  Fig.  6.4b, I" in  Fig. 6 .4~)  show  the  surface  topographical  fea- 
tures of the face of the solid emitter,  with ion emission  clearly  emanating from the 

a b 

c 
(a)  Image of CS+ emission  from  cesium  zeolite.  Note  enhanced  emission  from 

the  cracks. (b) Image  of  Reo,-  emission  from  a  perrhenate  emitter.  (c)  Irnage of I-  emis- 
sion  from an iodide  emitter.  (d)  Image  of EW emission  from  a  molten  glass  ion  emitter. 
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face of the emitter. An interesting feature is the enhanced  ion  emission  from the 
cracks  in the face of the emitter  in  Fig.  6.4a. These appear to be due  to  enhanced 
migration of ions  along  the  surfaces  within the cracks.  This  information  by  itself 
provides  the insight that  ions  can  migrate  along  surfaces  prior to emission.  Another 
possible inte~retation of the  enhanced  ion  emission from the cracks is that the 
edges  may  provide  an  enhancement eEect, possibly due to electrostatic field gra- 
dients  that  are  stronger at an  edge. The fourth  image is Bi+ from a molten  glass  ion 
emitter.  Although the image  does  not  show  any  surface  topographical features, the 
majority of the ions  are  originating  from  the face of the bulk  of the deposit. The 
ions  forming  the  ring  around  the  main  area of ion  emission are thought to origi- 
nate  from  sample  residing  on  the  outer  rim of the tube  source. The intensity  was 
su~ciently low  that  an  exposure of several  minutes  would  have  been  required  to 
obtain a good  photograph. The features changed  with  time  rapidly  enough  that  this 
was  not  practical,  hence  the  image  in Fig, 6.4d is from the  video  camera. An in- 
teresting  topographical feature of the molten  ion  emitter,  which  unfortunately  can- 
not be demonstrated to the  reader,  was the fashion in  which  bubbles  could  be  ob- 
served  forming  and  bursting  on the surface.  If  such a bubble  were to occur  in a 
sample for which  an isotope ratio were  being  measured it would be impossible to 
get  accurate  results since the  beam  intensity  would  fluctuate  excessively. This may 
be  the  reason why  many  analytical  procedures  that  use  silica gel require the use  of 
very  small  loadings. 

It is recognized  that there may be other ion  emitting  condensed  phase  mate- 
rials for which  ions  originate  from a region other than from the bulk of the mate- 
rial, but since these  have  not  been  identified to date, the  remainder of this  chapter 
deals  with  those  systems  emitting  ions  from the bulk  of  the  deposit. 

Material  volatilizing  from the surface of most  condensed  phases at high  tempera- 
tures  consists  predominantly of neutral  species,  with  only a few  materials  emitting 
ions to an  appreciable  extent.  Ion  emitters  are  unique in this  regard. In an eEort to 
understand  the  mechanisms  responsible for this  phenomenon  better  an  instrument 
was  constructed to measure  the  ions  and  the  neutrals  volatilizing from a  single 
specimen of an emitter sequentially, The purpose is to gain  better  understanding 
of the  types  and  quantities of neutrals  volatilizing from the materials  along  with 
the ions so as to  gain  new  insights into the processes  governing  ion  emission. 

"his instrument [7] measures  three  types of ions  in a sequential  mode:  the 
positive  and  negative  ions  emitted from the  surface of the ion  emitter,  and the neu- 
tral  species  volatilizing  from  the  surface  and  ionized by electron impact (EI). A 
commercially  available  quadrupole  mass  spectrometer  equipped  with  an E1 source 
was  modified to allot a specially  designed  thermal emitter to be  just barely  inserted 
into the ionization  chamber. The chamber is much  cooler than. the emitter; there- 
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of Ea(Re04)2 into a rare  earth  oxide  matrix  gave a strong Reo,- flux and  no  evi- 
dence of Ea volatilizing  as either a neutral  or  an  ionic  species.  Here it can be con- 
cluded  that  Ea(ReO,),  must  be  embedded  in a matrix  to  allow  Reo,-  to  migrate 
away  from  the Ea counter  ion  and to sublime  as an anion. 

The fourth  example,  an  unpublished  study [lo], has  demonstrated  that  silver 
molten  glass  ion  emitters  volatilize a considerable  neutral  silver  atom  flux  accom- 
panying the silver ion flux, again  leaving  open the possibility that this is a 
pseudo-S-L  type of ion  emission  process. 

Additional  evidence,  useful in supporting the concept  that  silver  zeolite  and 
silver  molten  glass  ion  emitters  are S-L processes,  would  be  that  both  ions  and  neu- 
trals arise  from the same  species  in the solid state; this issue is addressed  in  the fol- 
lowing  section,  on  high-temperature  SIMS. 

High-temperature  mass  spectrometry  (HT-SIMS) is a technique  currently  being 
developed  that  bas  not  yet  been  described  in the public literature, and  hence is men- 
tioned  here  only  briefly.  Our  group  has  been  developing  SIMS  as a technique for 
determining  chemical  speciation of inorganic solids at  room  temperature [ 1 1-13], 
and HT SIMS is an  expansion of this  effort.  Most  techniques for the  determination 
of chemical  species  in solids (other  than  various  crystallographic  methods)  rely  on 
taking  the  solid  material into solution,  followed  by  some  analytical  technique  such 
as  liquid  chromatography  inductively  coupled  plasma  mass  spectrometry  (LC- 
ICP-MS) or LC-electrospray-MS. This can  be a definitive  determination  as  long 
as  the  chemical  species is unchanged by the  process of dissolving  the  solid  mate- 
rial. If the chemical  species  are  altered by the  dissolution  process,  then  the  altered 
species is determined  rather  than the original  species. 

Performing the chemical  speciation  analysis  on the unaltered  specimen  with 
SIMS  alleviates  this  uncertainty.  However, the results  are  fundamentally  more dif- 
ficult to interpret, for certain  species  that  are  more  ambiguous,  and for other  species 
with  which the technique  cannot be made  to  work.  Each  situation is obviously quite 
different  and  care  must be exercised  in  choosing a method. 

Because the goal is to  determine  the  chemical  species  present  on  the  surface 
of ion  emitters  at  high  temperatures, it is obviously  impossible to dissolve  the  ma- 
terial; hence  SIMS is used to determine the chemical  species.  One of our  SIMS in- 
struments has been  modified so the ion  emitting  surface is at full operating  tem- 
perature in the sample position, where  it  can  be  bombarded  with a beam of 
perrhenate  anions  and  the  resulting  sputtered  secondary  ions  measured by  mass 
spectrometry.  This  instrument is now operational  and is being  used  to  determine 
the  practicality of this  approach. The first  study,  which is presently  being  con- 
ducted, is an  effort to determine the chemical  species  present  on  the  surface  of a 
silver  molten  glass  ion  emitter. The  iodneutral mass  spectrometer  results  show  that 



both  silver  neutral  atoms  and silver atomic  cations  are  emitted  from  the  surface. If 
it can  be  determined  that  atomic  silver  in  the  condensed  phase is the species  that 
is responsible for the  formation of both the neutral  and the ionic silver species, then 
the conclusion  can be drawn  that  the  ion  emission  process is a pseudo-S-l-type 
process. ~ r e l i m i n ~  data are  consistent  with the conclusion  that  silver on the  sur- 
face is in  the  zero  oxidation  state. 

There are  dozens of analytical  methods  published  in  both  the  open literature and 
in  government  and other reports  that  describe the preparation of various  ion  emit- 
ters for the purpose of measu~ng isotope ratios. There are also many  methods that 
various  laboratories  have  developed  that  have  never  been  published  but  are  referred 
to in oral presentations. Thus there are probably  many  groups of ion  emitters that 
have  been  developed  and  used  but  whose  mechanistics  properties are not  under- 
stood.  If  the  mechanism  were  understood,  however, it is likely that the method 
could  be  improved.  At the beginning of this  chapter  ion  emitters  were  divided into 
two  categories,  presynthesized  ion emitters and  those  with  ongoing  chemical  and 
physical  reactions  that  produce the ions  in situ. Examples of each of these are pre- 
sented  here,  and  their  mechanistic  characteristics  are  described  to  the  extent  they 
are  understood. 

In  the  class of ion  emitters  in  which  the  ions  are  presynthesized  in  the  solid state, 
the  ion of interest is presynthesized  and  embedded  in  a  suitable  matrix. It is thought 
that  ions  are  subliming  directly  from  the  solid state into the gas phase,  as  supported 
by the  images in Fig.  6.4a+. These images  clearly  demonstrate  that  ion  emission 
is from  the face of the bulk of the  deposit. The enhanced  ion  emission  from  the 
cracks  in  Fig.  6.4a  indicates  that  ions  migrate  from the bulk to a  surface,  and  then 
migrate  across  the  surface  until  reaching  a  location  where  they  can  sublime. The 
actual  ion  migration  and  sublimation  mechanisms  are  not  understood,  and  the  role 
the  electrostatic  field  may  play  in  these  processes  has  not  been  studied. Two  broad 
classes of ion  emitters of this  type  have  been  identified  and  studied: 

1. Anion  emitters: Th is  category of emitters is based on the  rare  earth  ox- 
ides [3,9],  with  the  best  characterized  ones  based on the Eu203 matrix, 
and  have  been  shown  to  be  efficient  emitters  of the perrhenate (Reo4-) 
and  the  halide (Cl-, Br-, and I-) anions.  It is probable  that  the  analyt- 
ical  method for producing  ions from technetium [l41 also is in  this  cat- 
egory. 
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2. Cation  emitters: The alkali  metal  zeolites,  and other alkali metal  alumi- 
nosilicates,  are  efficient  emitters of alkali metal  cations. The cation  emit- 
ters  have  been  known for a much  longer time than the anion  emitters, 
but  the  anion  emitters are better  understood from a chemical  perspec- 
tive;  hence  they  are  discussed  here.  Both  types of emitters, however,  can 
be scaled  up in intensity  readily to be  used for the primary  ion  guns in 
static SMS inst~ments. Ion  beams of 50 pA to 1  nA  focused  to a l - m  
spot size are  routinely  produced by using  these emitters. These  emitters 
are  primarily  used  in  SIMS  guns,  as  opposed to being  used for isotope 
ratio analyses. 

The importance of the work  function  and  temperature of the surface,  the  ion- 
ization  potential for positive ion emission,  and the electron  affinity for negative  ion 
emission  are  well  established for conditions in which  the S-L equations  are  valid. 
Expe~mentally, the IP and  EA are also  important for thermal  emitters.  For  exam- 
ple,  the alkali metals all have  low IPS and  are  emitted  in  good  yields  from the ze- 
olites impregnated  with  the  corresponding  alkali  metal. The halide  and  perrhenate 
anions  all  have  high  EAs  and  are  emitted  in  good  yield from certain of the rare 
earth oxides, The temperature is also quite important,  but  possibly  not for the  same 
reasons as for the S-L conditions.  Under S-L conditions a higher  temperature is 
more  likely to strip an electron or  to  add  an electron to an  atom. 

Sublimation of preformed ions from the surface is a process  much  different 
from S-L ioni~ation since  these  ions  already  have  their  oxidation  and  charge states. 
It may be surmised  that a higher  temperature  increases the migration  rates of the 
preformed  ions  and  increases  the  sublimation rate, until the temperature  gets so 
high  that  some  undesirable  process  occurs  in the matrix.  As  an  example,  the  oxi- 
dation  state of the ion of interest could  change  with  excessive  temperature,  de- 
stroying  the ion. emission  properties, or the  matrix  could  undergo  an  undesirable 
phase  ans sf or mat ion. The importance of the IP and  EA  may be more  related  to  the 
degree of polarization  between the preformed  ion  and  their counter ions. The WF 
of the surfaces of these  emitters  has  never  been  measured,  not  even at low  tem- 
peratures. The better  anion  emitters are in  rare  earth  oxide  matrices,  and  these ma- 
terials  are  known to have  relatively  low WFs at low te~peratures, but the effects 
of blending  these  components  and  elevating  the  temperature  have  the  potential to 
alter  these  values. This area  needs  more  study. 

Experimentally, the compound consisting of the preformed  ion and its 
counter  ion  (such as barium  perrhenate for perrhenate  emission)  does  not  produce 
ions  when  heated-instead,  only  neutral  species  sublime. It must  be  embedded  in 
a suitable  matrix  and  then  heated. The limited  experimental  evidence  collected  to 
date indicates  that  the  ion  to be emitted  must  have  significantly  greater  mobility 
andlor  vapor  pressure  in  this  matrix  than  its counter ion,  allowing  diffusion of the 
ion of interest. When the tempera~re gets  sufficiently  hot the ion  migrates to the 



surface  and  sublimes,  leaving the counter ion behind. This process  continues until 
something  happens  to  limit further diEusion andor sublimation. This limiting step 
is thought to be  the  buildup of charge  (or  color  centers)  within  the  matrix. The sec- 
ond  major  requirement  seems to be some  mechanism  to  compensate for the  buildup 
of these  charge  centers. 

The most  successful of the  anion  emitters  are  based  on rare earth oxide  ma- 
trices,  with  the rare earth in  the +3 oxidation  state.  Europium  oxide, Eu,O,, is the 
most  successful of these  anion  emitters  and also has the most  stable 4-2 oxidation 
state of all the  rare  earths.  This feature of  Eu,O,, the stability of the  +2  oxidation 
state, is thought to be responsible for this compound’s being the best matrix. 
Whereas the matrix  in  the -1-3 oxidation  state  allows the migration of the  anions 
away  from  the  counter ion, the  stability of the  +2  oxidation  states  allows  reactions 
of the  following  type  to  take  place: 

Eu20, + Ba(ReO,), + 2e- * 2ReO,- (gas  phase) + 2EuO + BaO (6.1) 

This  reaction  involves  the  reduction of  Eu in  the +3 oxidation  state to Eu  in 
the  +2  oxidation state, freeing  an  oxygen  anion to combine  with  the  Ba  counter 
ion left after  the  perrhenate  anion  migrates. There are  a  variety of other chemical 
reactions of a  similar type that can be written,  such  as the follo~ing: 

Eu203 + 2Ba(ReO,), + 2e- * 2ReO,- (gas  phase) 
+ 2EuO + Ba2~(Re04), (6.2) 

This  equation  has the advantage  over the previous  one that the barium  con- 
taining  molecule  on  the  right of the equation  retains  a  partial ionic character  that 
permits it to serve  as  a  “transfer  station” for additional  migration of perrhenate  an- 
ions. 

A model is proposed to account for the  capability of these  materials  to be ef- 
ficient  emitters of ions: 

1. The singly  charged  ion  needs  to be presynthesized,  paired  with  a suit- 
able  counter  ion (all successful  systems  studied to date have  the  ion  of 
interest singly  charged  and the counter  ion  doubly  charged),  and  em- 
bedded  in  a  matrix that allows the singly  charged  ion to migrate  away 
from  the  doubly  charged  counter  ion  when  heated.  Otherwise, the entire 
neutral molecule can sublime, bypassing the channel for ion emission. 

2. The ion of interest needs to be  stable in the  matrix. This places  various 
requirements  on  redox  properties of the matrix for each  type of ion. 

3. There  needs to be  some  mechanism  available for ~aintaining charge 
neutrality  in  the lattice after  ion  migration.  Electron  migration  between 
the  filament  and  the  power  supply  can  maintain  charge  neutrality,  but 
this  alone  cannot  satisfy the bonding  requirements of the  counter  ion. 

4. For  a cation emitter,  an  oxidation  reaction  within the matrix is required 
to generate  a  new  cation  to  satisfy the bonding  requirements of the  anion 
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remaining  after  cation  emission.  For  an  anion emitter a  reduction  reac- 
tion  within  the  matrix is required  to  generate  a new cation to satisfy  the 
bonding  requirements of the  remaining  cation  after  anion  emission. 

5. It is probable  that the oxidation or reduction  occurs  nearly  simultane- 
ously  with  ion  migration, since any  appreciable electrical charge  buildup 
is the~odynamically improbable. 

This  model is based  on  studies of anion  emitters  in  rare  earth  oxide  matrices 
in  the +3 oxidation state extending  over  several  years.  These studies can be sum- 
marized  as  follows: 

1. 

2. 

3.  

4. 

5. 

It is an experimental  observation  that  only the rare earths starting  out in 
the +3 oxidation  state  are  efficient  ion  emitters. 
The rare earth must  have  a  reasonably  stable +2 oxidation state, although 
the  majority of the  material  must be in  the +3 state. The elements  eu- 
ropium (Eu) and  ytterbium (Yb) have  by far the most  stable +2 oxida- 
tion  states of the  rare  earths,  and  the  oxides of these  elements  make the 
most  effective  matrices for anion  emission. Eu is approximately  two or- 
ders of magnitude  more  effective  as  a  matrix  that  Nd  when penhenate 
emission is not  pushed to high  levels. 
The included  anion  to  be  emitted  must  have  a  high  electron  affinity.  The 
species  demonstrated to be emitted  from  these  matrices are the  halides 
(Cl-, Br", I") and  perrhenate (Reo,-).  The electron affinities  are 3.7 
eV, 3.5 eV, 3.2 eV, and 4.5 eV, respectively. The borate  anion (EA of 3.0 
eV)  can also be readily  observed  as  an  impurity  in  these emitters. 
These  anions  appear  to  be quite stable  in  these  matrices.  Studies  con- 
ducted  with  the ionheutral mass  spectrometer  could  not  detect  any  gas- 
phase  reduction  products of perrhenate or any  oxidized  species of the 
halides,  leading to the conclusion  that the Eu,O, matrix is neutral or 
nearly so in  regard to oxidatio~reduction potential. 
Studies on  the io~neutral mass  spectrometer  have  verified that the  bar- 
ium  counter  ion is nonvolatile  in  these  matrices,  and  possibly  nonmi- 
gratory. 

Emitters  that  have  ions  produced  in  situ  are by far the largest  group of known  ion 
emitters.  They  are  much  more  difficult to scale in  intensity  than  preformed  ion 
emitters.  In  general,  methods  have  been  developed  that  give  stable  and  reproducible 
ion  beams  with  sufficient  intensity  to  provide  an  isotope ratio analysis for the  par- 
ticular  element  to  be  analyzed. As stated  earlier, it is not  necessary  to  understand 
the  mechanistics of ion  emission to use  these  ion  emitters for isotope ratio analy- 
sis  as  long  as the ion  beams  are  sufficiently  stable  with  adequate  intensity, There 



256 Delmore 

is always  the question, though, of whether the method  could be improved  signifi- 
cantly  if  the  mechanism  were  understood.  For  this  reason, it is useful to attempt to 
gain  an  understanding of these  processes.  Although  the  primary  application of the 
p r e f o ~ e d  ion emitters tends to be as  the  primary  ion  guns  in  static SIMS instru- 
ments, the significant  application of these  emitters is the measurement of isotope 
ratios. 

There are  two  main  subdivisions of ion  emitters  in  this  group of which  we 
have  some  understanding. The first of these  subdivisions is an  emitter  in  which  an 
ongoing  chemical  reaction  synthesizes  an  ion  that is then  sublimed.  An  example 
of this is the  production of perrhenate  anions [l51 from  the  rare  earth  oxide cat- 
alyzed  oxidation of rhenium  by  water  vapor. The second  subdivision is the pro- 
duction of neutral  atoms  within  a  matrix  and the vaporization of fluxes of neutral 
and ionic species. This can  be  thought of as  a  type of pseudo-S-L  process since 
there is an  atom on the surface  that  has  a  finite  probability of volatilizing  as either 
an  ion or the atom. The trick is to be able to produce  these  atoms  in  the zero charge 
state in the matrix. There are a  number of ion  emitters  thought  to be in this  cate- 
gory,  but  none  proven.  There  are  many  other  “recipes”  that  have  been  used  over 
the years;  among  these  there  are  probably other types of ion  emitters  that  have  been 
used  but  whose  mechanistics  properties  have  never  been  identified. In truth, there 
is very little that is known  with  certainty  about the mechanistics of ion  emitters  in 
these  categories;  hence  the  rest of this  chapter  primarily  outlines  areas  that  require 
research. 

Several  refractory  metals  emit  the  respective  atomic  cation  and,  in some cases,  the 
atomic  anion at temperatures  approaching  the  burnout  point of the material. The 
work of Scheer  and Fine [2]  demonstrates that tungsten  and  rhenium  emit  both 
atomic  cations  and  anions of the  respective  metal,  and  that the ratio of cations to 
anions  as  a  function of temperature is consistent  with  the S-L equations. Such be- 
havior  can be termed ~ ~ e ~ ~ ~ ~ - ~ ~ g ~ ~ ~ ~  behavior,  as the characterization 
~ ~ e ~ ~ Q  indicates that this situation is not that of an  atomic  beam  impinging  on  a 
hot  metal  surface. This does  not  conclusively  prove  that  these  are S-L processes, 
however, since no  attempt  was  made to measure the neutral  atom  flux. This raises 
the question,  If the S-L  equation  applies  to  the  sublimation of atoms of the  major 
(or only)  element  making  up  a  high  temperature  metal, will it also be applicable 
to the  emission of minor  impurity  metal ions? This has  never  been  proved  experi- 
mentally,  but it seems  a  logical  extension of the preceding  conclusions. There are 
situations in which  such  processes  may be occurring. First, there are  analyses for 
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several  elements  that are limited by the levels of impurities  in the filament  mate- 
rials  such  as MO in Re filaments. Since MO is more  volatile  than  rhenium, it sub- 
limes  preferentially,  causing  spectral  interferences  with  Zr  and Ru. Also, there are 
a  variety of isotope ratio analyses  in  which  the chloride or nitrate salt is loaded di- 
rectly  onto  a  single  filament,  with the temperature  slowly  increased  until  ion  emis- 
sion is reached. The mechanisms  have  never  been  studied,  but it is possible  that 
the element  alloys  with the filament  material  before  being  re-emitted  as the atomic 
cation. Thus these  ion  emitters  may  also  fall into the category of being trace met- 
als  embedded into a  refractory  metal  matrix. This provides  a  research  opportunity. 

Electrodeposition  could  be  a  pseudo-S-L  type  process,  although  definitive  proof is 
lacking. The element to be ionized,  uranium [ 161 or  plutonium [ 171, is coelec- 
trodeposited  with  a  platinum  metal  layer,  then  covered  with  an  additional layer of 
platinum. The U or Pu is believed to be electrodeposited  as  an oxide, and  platinum 
is electrodeposited  as  the  metal.  Hence there is thought to be a U or PLI oxide  buried 
in  the  metal  matrix.  When  this  deposit is heated,  after  a  sufficient  length of time 
atomic  cations of U or Pu  begin to sublime from the surface  without  measurable 
metal  oxide  ions.  Metal  oxide  ions  should be readily  observable if they  are  pres- 
ent  in the matrix.  Thermodynamic  calculations indicate that the hot  platinum  ma- 
trix  will  not  reduce  the U and Pu oxides to the metallic  state,  and  yet the observed 
species  are  atomic  ions  and  not oxide molecular  ions. 

olten Glass) Ion Emitters 
The original  work  on  silica gel ion  emitters  was  first  published  in 1959 [ 181 and 
has  typically  been  referred  to  as the “silica gel” method. This method  has  been 
widely  adapted to the analysis of many  elements. The basic  method is to  deposit 
silica  gel in an aqueous  suspension  onto  a  filament,  then to add  a  solution  con- 
taining  the element to be ionized,  then to add either phosphoric  acid or boric  acid 
solutions. The mixture is dried and the filament  mounted  in  the  source.  The  source 
is evacuated  and the temperature  slowly  increased to operating  temperatures.  In 
general, it is best  to  use  solutions  with  the  lowest  practical strong acid (HC1, H ~ ~ ~ )  
content  to  prevent  dissolving  filament  material  that  poisons the emitter. The ele- 
ments  that  can  be  analyzed by this  technique  can  be  classified into two main  groups: 
those  that  are  readily  reduced to the metal  and  those  that are not. It is unlikely  that 
these  two  groups  have  the  same ion formation  mechanism.  Elements  in  the  first 
group  include  Pb,  Bi,  Ag, Au, Te, Sn, Ru, Pd,  and  Fe [ 19-25]. The alkaline  earth 
elements E261 can also be  analyzed  by  using  variations of this method;  they are 
clearly quite difficult to reduce to the metal  and  therefore constitute the second 
group.  This  analytical  technique  was  originally  developed for the isotope ratio 
analysis of lead for URb age dating,  and  this is still the largest single  application. 



258 Delmore 

A recent  study [4] conducted on large deposits of bismuth  ion  emitters  pre- 
pared by a  method of this  type  identified  the  material  as  a  molten glass at  operat- 
ing  temperatures,  Figure  6.4d  identifies  the  surface of the  bulk of the  material  as 
the  ion  emitting  surface. It has been  known for many  years  that  rhenium  was  a su- 
perior  filament  material  to  tantalum for these  analyses,  and  this  study  identified the 
reason,  Tantalum  dissolves  in the molten  glass  and  poisons  the  emitter.  Thus  we 
have  reason  to  believe  that  the  molten  glasses  are  highly  corrosive,  especially  to- 
ward  Ta,  and  are  especially so if strong  mineral  acids are used. 

A more  recent  study  has  been  conducted  on  silver/silica gel ion  emitters. Sil- 
ver  was  chosen  because it has only 0 and +l oxidation  states,  greatly  simplifying 
the determination of the  oxidation  state  responsible for ion  emission. The question 
is, Is it 0 or +l? If it is + 1, it would be a  preformed ion, whereas  if it is 0 it would 
be  a  pseudo-S-L-type  process  with  a  mix of neutral  and  cationic  species  volatiliz- 
ing from  the  surface.  Silver  oxides  are  known to decompose  to the metal  and 
gaseous  oxygen  at  temperatures  well  below the operating  temperatures of these 
ion emitters; hence  there is a  high  probability  that  silver is reduced  to  the  metal 
from  the  temperature  alone.  Indeed,  oxygen is evolved  from  these  emitters  at  ap- 
proximately  this  temperature  range. There is evidence  that  silver is in  the 0 oxida- 
tion  state  at  operating  temperatures, in spite of the fact  that it is in  an  oxide  matrix. 
The reasons for this  claim  are  as  follows: 

1. In the  ionlneutral  mass  spectrometer the silver  species  identified  were 
the atomic  neutral  and  cationic  species. 

2. The HT SIMS data indicate that the only  silver  species on the surface 
of the emitter is metallic.  Hence, if metallic  silver  on  the  surface is sub- 
~iming to give  a  mix of atomic  neutral  and  cationic  species,  this  looks 
like a  pseudo-S-L  process.  Again, the data  are  not  quantitative  enough 
to  compare  to  the  S-L  equation. 

If this model,  where the metal is reduced  to  the  zero  oxidation  state,  applies 
to silver, it is conceivable  that it applies  to the other  elements  that  can  be  readily 
reduced  to  the  metal. The question  that  remains  to be answered is, Does  the  model 
for silver  apply  to other elements  that  can  be  reduced  to the metal  in an aqueous 
solution? 

Another concept that warrants  mention is “desolvation.”  When  silver  metal 
in  bulk is heated, it tends  to  sublime  as  neutral  species.  When  both  neutral  and 
cationic  silver  species  volatilize from these  silica gel matrices  tbey  are  exclusively 
monatomic.  This  indicates  that  silver  atoms  in  the  zero  oxidation  state  are  not  “sol- 
vated”  by  each other or by a  component  in  the  matrix.  This  concept is admittedly 
speculative  but  does  offer  a  concept  as to how  this  ion  emitter  matrix  may  operate. 

Thus, for those  elements  that  are  readily  reduced  to the zero  oxidation state, 
a  model  that is consistent with  experimental  evidence  can be offered. This model 
is the  following: 
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l. The element to be  ionized is reduced to the  zero  oxidation state. 
2. The element is "desolvated"  in  the  high-temperature  molten  glass  ma- 

trix; therefore,  the  atoms of the element  are  not  tightly  bonded  to  each 
other or to  other  species. 

3. The element  volatilizes  as  a  mix of neutral  and  singly  charged  positive 
atoms  and  perhaps is a  pseudo-S-L  process. 

This model is offered  somewhat  tentatively,  but  the features are  consistent 
with  a  body of experimental  evidence.  At  a  minimum, it offers a target  against 
which to conduct  additional  experiments  that  will, it is hoped,  shed  light  on  this 
subject. 

Ion  formation  mechanisms for silica gel matrices  have  never  been  studied 
for those  elements that are  not  readily  reducible to the metal. The solvatio~desol- 
vation  mechanism  hypothesized  previously  may  have  a role in  enhancing  ion  emis- 
sion from  these  materials,  but it would  not be expected  that  an  alkaline  earth  ele- 
ment  could  exist  in the zero  oxidation  state  in  these  glass  matrices,  which  are  oxide 
based. The species in the molten  glass  would  be  expected to be in  the s t a n d ~ d  4-2 
oxidation  state,  but the experimentally  observed  species is + l. Indeed, there has 
never  been  a +2 species  reported  from  thermal  ionization, so there is the  question 
of  how the +2 species in the molten  glass is converted  to  and  emitted  as  a +l ion. 

In  concluding  this  chapter, we point  out  that there are  far  more  research  opportu- 
nities  than  hard  answers  in  this  field of ion  emitters. This field is dominated by sys- 
tems  in  which  the  element  from  which  ions  are  emitted is embedded  in  a  matrix 
that  enhances  ion  emission.  Indeed,  with  the  exception of the small number of emit- 
ters  in  which  ions  are  emitted  from  pure  refractory  metals  at  the  temperature  lim- 
its of the material,  pure  materials  predominantly  volatilize  neutral  atoms  and/or 
molecules  when  heated to temperatures  sufficiently  high to force volatilization  to 
the gas  phase.  Thus, the key to the  development of superior ion emitters  seems to 
be to develop  better  understanding of the  processes  that  cause  the  matrices  to force 
the element to volatilize  as  ions  rather  than  neutrals.  With  this  better  understand- 
ing  perhaps new  and better  ion  emitters  can be developed. 
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One of the  most  challenging  aspects of atomic  spectrometry is the incredibly  wide 
variety of sample  types  that  require  elemental  analysis.  Samples  cover the gamut 
of solids, liquids, and  gases. By the nature of most  modern  spectrochemical  meth- 
ods,  the latter two  states  are  much  more  readily  presented to sources  that  operate 
at atmospheric  pressure. The most  widely  used of these  techniques  are  flame  and 
graphite  furnace  atomic  absorption  spectrophotometry (FAAS and GF-AAS) [ 1,2] 
and  inductively  coupled  plasma  atomic  emission  and  mass  spectrometries  (ICP- 
AES and MS) [3-51. As described  in other chapters of this  volume,  ICP-MS is the 
workhorse  technique for the trace element  analysis of samples  in the solution 
phase-either those that are  native liquids or solids  that  are  subjected to some sort 
of dissolution  procedure. 

Although  most  analytical  chemists  would  relate  the  field of direct solids el- 
emental  analysis to the characteri~ation of metals  and  alloys, the fact is that  a  very 
large  number of solid  sample  types  require  elemental  analyses,  with  the  range  ex- 
panding on a  continuous  basis  (e.g.,  glasses,  ceramics,  and  even  polymers). As 
such,  the  conventional  techniques of arc [6] and  spark  atomic  emission  and  mass 
spectrometries [7,8] must be evaluated  with  respect to whether or not  they  are  ap- 
plicable  to the wide  array of sample  types. 

Spark  and  arc  spectrochemical  sources  rely on the ability of charged  parti- 
cles to heat the sample  surface  and  ultimately desorb atoms from the solid  matrix 
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into the  gas  phase for subsequent  excitation  and  ionization  [9].  In  both  cases,  an 
electrical  current  must  be  maintained to sustain  the  respective  plasma  discharges. 
In  this  way,  the  sample  serves as an  electrode in a basic diode type of assembly.  In 
the  case of samples  that  are  electrically  insulating  (nonconductive),  this  flow of 
current cannot  be  accommodated, so methods of remediation must  be imple- 
mented. This is most  typically  achieved by mixing  the sample with a powder of a 
conducting  metal  or  graphite,  and  pressing  this  mixture into the form of a nomi- 
nally  conductive disk [ lo]. This  process is usually  referred to as c o ~ ~ a c ~ i o ~ .  If the 
sample is in bulk rather  than  powder form, it must  first be ground  or  pulverized. Zn 
this  instance,  the  primary  benefit of using a solid  sampling  method,  the  elimina- 
tion of a matrix  modification  step, is voided. 

As described in previous  chapters,  glow  discharge  mass  spectrometry (CD- 
MS) has established  itself since the mid-1980s as one of the most  sensitive  and  re- 
liable methods for performing direct solids elemental  analysis of conductive  solid 
sample  types [ 1 1-14]. The ability of the easily  controlled  low-pressure  plasma to 
yield a reproducible  ion  beam  affording  sensitivities  to the sub-parts  per  billion 
(ppb)  level is its most  outstanding feature. The successive  removal of pseudoatomic 
layers  provides  additional  information  content  because  the  technique is capable of 
performing very-~igh-sensitivity depth profiles for layers ranging from tens of 
nanometers  to  micrometers  in  thickness.  It  must  be  admitted,  though,  that  the ca- 
pability of performing  quantitative  depth  profiles is still in an  infant stage relative 
to its sister method,  glow discharge atomic emission spectroscopy (CD-AES) 

In terns of the range of sample  types  amenable  to  glow  discharge  mass  spec- 
trometry (GD-MS) analysis,  it  must be realized  that  the  glow  discharge, like its 
spark  and arc discharge  cousins, is a diode-type  electrical  device.  Electrical  cur- 
rent  must  continuously flow [in the case of direct current  (dc)  powering] to and 
from  the  sample  cathode. In the case of electrically  insulating  samples,  the  sam- 
ples  must  be  modified to become  electrically  conductive by the  methods  originally 
developed for spark  and arc sources [ 18-20]. In  doing so, however,  one of the  ad- 
vantages of GD methods,  the  ability  to  create  depth-resolved  elemental  profiles, is 
lost. ~o~ui tously,  because  glow  discharges  are  low-pressure  devices,  alternative 
methods of applying the discharge  power  that  allow  sustaining of the  plasma at the 
surface of nonconductors  exist.  These  methods  include the use of a secondary  cath- 
ode  [2l-251 to provide a conductive  coating  on  the  sample  and the use of radio 
frequency (rf) power [26-351 applied  to the sample. 

This  chapter deals exclusively  with  the  methods  that  have  been  developed 
for the  direct  solids  analysis of nonconductive  samples by  glow  discharge  mass 
spectrometry. The basic  approaches to operation  and  sample  preparation for the 
three primary  methodologies of compaction,  secondary  cathode,  and  radio fre- 
quency  powering  are  described.  Examples of source  performance  and  practical  ap- 
plications of each are  taken  from  the  analytical  literature.  Whereas  this  chapter  de- 

[15-l?]. 
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scribes the analysis of insulating  materials by GD-MS, a review by Winchester et 
al.  provides  additional  background for such  analyses for the complete  family of 
GD spectroscopies  [36].  It is hoped  that  the  reader  will see that  there  are  indeed a 
number of options  available for meeting  the  challenges  presented by this  ever-in- 
creasing  and  important set of sample  types. 

The use of the sample  compaction  methodology is an  effective  means ofanalyz- 
ing  powder-form  samples  such as geological  materials  and  spent  automotive  cat- 
alysts. The mixing of powders  with  conductive  host  metals  involves four basic 
steps: (1) drying of the sample  to  drive off residual water, (2) weighing  appropri- 
ate amounts of sample  and  binder,  (3)  mixing  mechanically  to  homogenize the 
components,  and  (4)  pressing the sample into the appropriate size and  shape as dic- 
tated by the sample  holder.  Each of these  steps  involves a finite  period  and  requires 
judicious optimization  and  protocol  development. The  use of the sample  com- 
paction  methodology  was  introduced  early  ('1972)  in  the  evolution of glow  dis- 
charge  atomic  emission  spectrometry  by  Dogan et al. [ 181. Marcus  and  coworkers 
reviewed a great  deal of the  developmental  aspects of the compaction  methodol- 
ogy as it applies  to GD-AES [36].  Loving  and  Harrison E371 published  the  first  de- 
scription of the  use of the compaction  procedure for mass  spectrometry  in  1983 as 
part of a study  evaluating  the  role of water  vapor  on  GD-MS  performance  with a 
dual-pin  cathode  geometry.  Borrowing  from  the  methodology  developed for spark 
source  mass  spectrometry,  pin  electrodes  composed of 90% graphite  and 10% ar- 
senic  powder  were  formed  by  using a die  and  hydraulic  press. Stable [42% rela- 
tive  standard  deviation  (RSD)] As+ signals  were  produced,  though  the  published 
spectrum  clearly  displayed  that  residual  water  and  atmospheric  species  were  major 
spectral components.  Harrison  and  coworkers  [38]  revisited  the  approach  in  an 
early  investigation of a hollow  cathode  plume  (HGP)  ionization  source,  wherein 
an  alumina-based  automotive catalyst was  mixed 50:50 in a silver  matrix.  Neither 
of these  early  studies  delved into the  determination of the  most  effective  imple- 
mentation of the  compaction  procedure,  though  they  demonstrated  characteristics 
that  have  launched a series of detailed  studies. 

Throughout the literature describing the compacted  sample methodology, the 
choice of the binder  material  has  time  and  again  been  pointed to as the  most  im- 
portant  aspect  in  determining  source  performance.  Papers  by  Tong  and  Harrison 
[39],  Mei  and  Harrison  [40,41],  Smith  and  coworkers  [42,43],  and  Wayne  [44]  have 
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all evaluated  the  role of metal  matrix  material  on  the  performance of GD-MS  ion 
sources. The  choice of binder  material is dictated by a  combination of the sample 
disk's  robustness,  sample  sputtering  rate  (affecting  analyte  signal  intensity),  abil- 
ity to remove  unwanted  residual  gases  such  as  water  vapor  and air (i.e., gettering 
quality),  binder  purity,  and  possible  isobaric  interferences  with  target  analytes. 

A pair of papers from the Harrison  laboratory form the  most  comprehensive 
body of work  dealing  with the use of the  compaction  methodologies  in  GD-MS. 
Tong  and  Harrison  evaluated  six  different  matrix  materials:  graphite,  Ag,  Al, Cu, 
Fe, and  Ta.  Going  through the matrices,  some  generalities  about  each  matrix  can 
be provided 1391. Table 7.1 summarizes  the  metal  binder  materials  investigated for 
GD-MS  applications  and  the  mass  spectral features of the  pure  binder  materials 
(i.e.,  without  oxide  samples  added). First, graphite is available  in  high  purity  and 
fine  composition  but it sputters too slowly,  tends to produce  metal carbide (MCf) 
species,  and is susceptible  to  adsorbed  water. The latter characteristic  results  in the 
presence of a large number of  water-  and atmosphe~e-related ions  (e.g.,  H,O+, NZ+) 
in the spectrum.  Both  copper  and  silver sputter very  well  and  produce  high  ana- 

le l Major Ion Peaks  in  GDMS  Spectra of Pure  Compacted  Discsa 

Faraday  detector  voltage,  1 V = lo8 ion& 

Ion  species d Z  C cu Ag  A1 Fe Ta 

'2C 
l60H2 
160H3 
40&2+ 

27~1 
14N2H,  12C160H 
40Ar 
4OArH 
56Fe 
63Cu 
65Cu 

l07Ag 
lo9Ag 
l*lTa 

h€+/& 

4oAr2 

12  0.15  0.03  n.d. m.d. n,d. n.d. 
18  0.20  0.58  0.35  n.d.  n.d.  n.d. 
19  0.05  0.45  0.20  n.d.  n.d,  n.d. 
20  0.54  0.27  0.25 0.50 0.45  0.68 
27 
29  0.43  0.20 0.08 n.d.  n,d. ad. 
40  9.50  9.90  (13)  (12)  10.50  10.00 
41  3.20  6.00  3.70  9.20  8.60  3.00 
56 4.68 - 
63 - 2.79 - - _. - 
65 - 1.38 - 
80 0.41 0.27  0.30  0.20  0.32  0.20 

- - - x.27 - - 

- - - 

- - - 

107 - - 7.12 - - - 
109 - - 6.86 - - __. 

181 - - - - - 4.22 

0.016  0.42  1.08  0.098  0.45  0.42 

Taken  after  obtaining  steady  state  in  discharge (1 hr).  Bold  values  indicate  peak  intensities  of  matrix 
ions. 
n.d.,  nondetectable (KO.01 V). 
Source: Ref. 39. 
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lyte ion  beam  intensities. ~ ~ o ~ u n a t e l y ,  the  background  spectra for both  materials 
are quite complex,  with  many  metal  dimers  present  at  high  levels.  Each of the first 
three matrices  tends to yield  mass  spectra  that  have  a  large  amount of metal  oxide 
and  hydroxide  ions  (MO+  and MOH+) because of the presence of residual  gases. 

To counter the negative  effects of water  vapor  on the observed  spectra,  alu- 
minum, iron, and  tantalum  (metals  with  high  affinities for water  and  air  species) 
were  evaluated.  These  “getter”  metals  tend  to act as  water  scavengers  as the volatile 
molecules  evolve into the  gas  phase  during the early  sputtering  times  as the sam- 
ple  temperature  rises. The removal of residual  vapor  produces  mass  spectra  that 
are more  atomic in nature  and  also  enhances the atomi~atio~excita~on processes 
for the  desired  analyte  species.  Iron,  being  multi-isotopic,  produces  a  more  com- 
plex  mass  spectrum  than  aluminum  and  tantalum  and  also  yields  greater  amounts 
of dimer  and  argide  ions.  Other  getter  elements  such  as  zirconium  and  titanium 
have  too  many isotopes in  themselves;  therefore  they  were  not  seen  as  viable  can- 
didates. Of the two  remaining  candidates,  tantalum  has  a  high  mass  and  higher 
sputtering  rates  that  make it the most  effective  matrix.  Across the range of matri- 
ces and  analytes  studied by  Tong  and  Harrison [39], data  were  tabulated to depict 
the direct  relationship  between the relative  amount of the oxides of a  given  ele- 
ment  (specifically the MO+/(M+ + MO+> ratio) and  their  respective  metal-oxide 
bond  energies. As would be expected,  the rare earth elements are most  affected  by 
the  presence of water  vapor  and  air,  and  some of these  elements  show  as  much  as 
a 10% oxide ion fraction [39]. Even so, as  shown  in  Fig. 7.1, high-quality  spectra 
were  obtained  with  the  use of tantalum  as the host  matrix for a  mixture of rare  earth 
oxides. 

Just as  the  previously  cited work: illustrated the role of matrix  selection  in  the  qual- 
ity of the mass  spectra,  Mei  and  Harrison E401 studied the underlying  equilibrium 
involved  in  the  formation  and  removal of metal  oxides from the spectra of com- 
pacted  oxide  samples. The analyte for these studies was La20,, chosen  because of 
the  high  affinity of lanthanum for atomic  oxygen,  a  product of the  dissociation of 
both  residual  air  and  water  vapor  in  compacted  samples.  Because the La-0 bond 
strength is very  high (8.30 eV), this  oxide  represents  a case in  which  the  dissoci- 
ation of the  original  “analyte”  would be difficult  as  well.  On the basis of previous 
studies [41], it was  assumed  that  approximately 50% of the lanthanum  species  sput- 
tered from the surface  would  be free La atoms,  and the other half  would exist as 
oxides of one  form or another. 

The GD plasma e n v i r o ~ e n t  is an interesting vessel to study  gas-phase 
chemical  properties. The gettering  qualities of carbon,  silver,  tantalum,  titanium, 
and  tungsten  were  compared by Mei and  Harrison E401 on the basis of the atomic 
ion  fraction of all of the observed  lanthanum species; R = La+/(La+ + Lao+) X 
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Glow discharge:mass spectrometry (GD-MS) spectrum of a rnixture of rare 
earth oxides compacted in a tantalum host matrix. Oxide composition 5% by weight in disk, 
each element present  at 110 ppm. (From Ref. 39.) 

100%.  As  such,  a  high R value  represents  the  ability to produce  analyte  ions  in 
favor  of  metal  oxides.  Temporal  profiles of R values  vs.  time  illustrated  that  the  Ti, 
Ta and W (known  getter)  plasmas  reached  steady-state  condition in approximately 
l hr, with  plateau R values of  Ti = -.loo%, Ta = a%, and W = -80%. High R val- 
ues  could be obtained for carbon (&O%), though  a  steady state was  not  achieved 
within  the  first 4 hr of operation.  Silver  had the lowest R value of the group  (as 
might  be  expected),  reaching  a  value of  20% after 3 hr of sputtering. 

Three papers  set  out  nicely  the  range of applicability of the  compaction  method- 
ology  in  GD-MS. The analysis of soils was  evaluated  by  Smith  and  coworkers  [43] 
on  a hi~h-resolution VG9000 instrument. Sample pins  (1.5-mm  diameter, 1 8 - m  
length)  were  formed  with  a  silver  host  and  a  10:  1 (Agsoil) mixing  ratio. Two  Na- 
tional Institute of Standards  and  Technology  (NIST)  reference  materials  were  used 
to  demonstrate  the  analytical  figures of merit.  Fifty-one  elements  were  analyzed 
in NTST 4355  Peruvian Soil. As  in  the  case  of  most  GD-MS  analyses,  an  internal 
reference  (Io7Ag)  was  used  to  generate  ion  beam  ratios for quantification  and all 
analytical  characterization.  After  a  20-min  presputtering  period,  the  variation  in 
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ion  beam  ratios  ranged from 1.2% to 3.6% RSD over  an  additional  20-min  analy- 
sis period. The sample-to-sample  precision,  which is affected  by  the  reproducibil- 
ity of the  sample  drying,  mixing,  weighing,  and  pressing  procedures,  as  well as the 
p l a s m ~ i n s ~ m e n t  operation,  was  found  to  range  from 8.9% to 40% RSD for the 
5 1  analytes. By looking  at  the  variations  across the range of elements, it was sug- 
gested  that  inhomogeneities  in  the  sample  pins  were  the  dominant factor in  the ir- 
reproducibility, The most  important  aspect of this  work  was  the  realization  that the 
level of quantification for compacted  soils  was  very  similar to that of bulk  solid 
GD-MS  on the VG 9000. Raw  ion  signals  produced  qualitative  analysis  with  ac- 
curacies  within four times  the  certified  values,  and  the  use of “book-value”  rela- 
tive  sensitivity  factors  (RSFs)  produced  values to within  a factor of 2. Finally,  the , 

use of the  NIST  Peruvian Soil to produce  RSFs to analyze  NIST  2704  Buffalo 
River  Sediment  produced  better  accuracy,  with  only As (having  a  mass  interfer- 
ence)  producing  an error of greater  than  75%. 

Stuewer  and  coworkers [45] described  the  use of a  GD  ion  source  that  was 
similar  in  design to the Grim-type lamps  used  in  GD-AES for the  analysis of alu- 
minum  oxide  powders  on  a  quadrupole  analyzer.  Copper  was  chosen  as the host 
matrix  and  sample-to-host  ratios of 1 : 1-1 : 10 were  investigated  to  determine  the 
role of composition  in  plasma  stability. A 1 :5 mixture  was  chosen for the  analyti- 
cal characterization  on  the  basis of its high  temporal  stability  and  minimal  analyte 
dilution.  Both  neon  and  argon  were  used  as  discharge  gases,  as  the  former  gener- 
ally  provides  a  background  mass  spectrum  that  poses  fewer  interferences for ele- 
ments  commonly  found  in oxide samples  [i.e.,  low-mass  (<40  amu)  elements]. 
Temporal  profiles of both  matrix  and  analyte species, as  well  as  total  ion  current, 
give  strong  indication of two  phases of plasma  stabilization,  as  shown  in Fig. 7.2. 
Early  in  the  plasma  lifetime ( 4 0  min),  a  high-current  situation  exists,  in  which 
the ion  beam is dominated by molecular  species  as the sample is suggested  to  be 
more  “oxide”  in  nature. A definitive  second  phase  occurs  abruptly  as  the  total  ion 
current  drops  but is now  composed  mainly of atomic  (analyte)  ions. Spectral com- 
parisons  between  compacted  oxide  and  pure  metal  powder  samples  indicated  that 
the plasma  and  ion  beam  characteristics  were  not  appreciably  different  once  the 
plasmas  had  reached the stable  second  phase.  For  example, limits of  detection for 
the  oxide  samples  (as  determined  through  calibration  curves)  were  generally  in  the 
single-microgram-per-gra~ range,  in the absence  of  isobaric  interferences. As a 
result of the  nature of the  compacted  samples, of course,  greater  amounts  of mo- 
lecular species  are  present  in  the  mass  spectra obtained, 

Another  example of the  analytical  utility of the sample  compaction  method- 
ology for CD-MS is work  by  Wayne  [44]  that  used  a  Kratos  double-focusing  an- 
alyzer for the analysis of precious  metals  deposited  on cordierite supports  (i.e.,  au- 
tom’otive catalysts). Spectral interferences from TaO species on the target 
palladium,  rhodium,  and  platinum  analytes  made  aluminum  a  better  choice  as  the 
matrix  element.  Because the Kratos  instrument  does  not  have  cryogenic  cooling 
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Total-ion (a, c) and  single-ion  monitoring (b, d)  temporal  profiles  of  Al,0, Sam- 
ples  compacted (1 :S) in a copper  matrix  using  Ne (a, b) and Ar (c, d) discharge  gases.  (From 
Ref. 45.) 

capabilities,  a l-hour 200°C  in  vacuo  bakeout  was  employed to drive off adsorbed 
water  vapor.  GD-MS is a  very  attractive  alternative  to  ICP-MS  in  this  application 
because of the  great dificulty and cost of dissolving  the  cordierite  sample  matrix. 
The precision  and  accuracy of the  methods  (using  Bi  as  an  internal  standard)  were 
both  found to be better  than  10%  RSD, quite acceptable  values for the  automotive 
industry. The increasing  usage of zirconium  in  these catalysts poses  a  challenge 
because  isotopes of zirconium  oxides interfere with  palladium  isotopes. A mathe- 
matical  model  allows  stripping of the oxide contributions  and  improvement  in ac- 
curacy of palladium  determinations  by  CD-MS. 

Two related  methods of nonconductive  sample  preparation  should be men- 
tioned  here. The first,  described by Battagliarin  and  coworkers [46], involves  the 
use of a  heated die assembly  in  which  molten  indium is added  to the oxide  pow- 
der sample.  Continued heating and  applied  pressure cause the indium to flow 
through the interstices of the powder  such  that  the  sample  (GeO,)  becomes dis- 
persed in the metal. On cooling, the metal  pin is easily  removed  from  the  die. The 
method  produces  very stable plasmas (-3% RSD) after 50-min.  presputtering  times, 
and  a  favorable  sample-to-sample  reproducibility ( ~ 5 %  RSD).  The  authors  state 
that  the  use of molten  indium has promise  as  a  general  analytical  strategy. The sec- 
ond  method  does  not  actually  involve  the  sputtering of a  nonconductive  sample. 
Barshick  and  Harrison [4'7]  have  described the use of a l-rnJ pulse  excimer laser 
to ablate  compacted UO, samples into a  pulsed  glow  discharge  sustained at a  cop- 
per  pin  electrode.  In  this  way,  the oxide material is introduced into the GD  plasma, 
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where  subsequent  ionization  occurs.  Although there are  many  volatilization-re- 
lated  matrix  effects  in  the  laser  ablation of nonconductors,  this too would  appear 
to be a  general  method for at least  the  qualitative  analysis of nonconductive  mate- 
rials. 

One of the common  methods of performing  secondary  ion  mass  spectrometry 
(SIMS)  analysis of insulating  samples  involves the placement of a  metallic  elec- 
trode  (grid)  in  contact  with  the  sample  such that the built-up  charge  can be removed 
[48,49].  Milton  and  Hutton  extended  this  approach to GD-MS in  an ~ a n g e m e n t  
they  termed  a secondary  cathode [21].  In  short,  a  thin  (0.25-mm)  metal foil with 
a  circular  aperture is placed  across  the face of the flat  sample  such  that  when the 
discharge  potential is applied,  the  secondary cathode is sputtered  and the released 
atoms  redeposit  onto the exposed  portion of the insulating sample surface.  West- 
wood [so] showed  many  years  ago  that  as  much  50%  of  sputtered  atoms are rede- 
posited  in  low-pressure  (150-mtorr)  glow  discharges,  with  higher  pressures  pro- 
ducing  larger  percentages.  Figure 7.3 is a  simple  diagram of the discharge cell with 

E k C a i C l l  Smndary L 
C h m c t  Cathode ~ ~ ~ C ~ ~ o d e  
Secondary Insulator 
Cathode 

Figure 3 Schematic  representation  (not  to  scale) of the  source  assembly  used  in  the sec- 
ondary  cathode approach to glow  discharge  mass  spectrometry (GD-MS) analysis of non- 
conductive  samples.  (From Ref. 21.) 
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a  flat  sample  holder  and  a  secondary  cathode. The formation of this new conduc- 
tive layer on  the  insulating  sample  permits the formation of a  cathode fall poten- 
tial and  the  acceleration of discharge  gas  ions to the surface.  On  the  basis of the 
assumption  that  sputtering  ions  will  have  hundreds of electron-volts of kinetic  en- 
ergy,  incoming  ions  can  penetrate  distances of  2-10 A [5l]. So long  as  the  metal- 
lic layer is not  too  thick,  an  incoming  ion  transfers  momentum  to  the  sublayer Sam- 
ple  such  that  analyte  atoms  are  sputtered into the gas  phase. If the  deposited layer 
is too thick,  the  incident  ions do not  penetrate  the  metallic  coating,  and so only  the 
overlayer is sputtered.  In  this  case,  the  resultant  mass  spectrum  solely  comprises 
elements  making  up  the  secondary  cathode  material.  If  the layer is too  thin,  a  po- 
tential  difference  does  not  develop  and  sputtering  does  not  occur. The plasma  also 
tends  to be unstable ,without complete  coverage. 

On the basis of the  preceding  discussion, it is not  too  difficult to imagine the 
parameters  that  are  important  in  optimizing  the  secondary  cathode  approach  to 
nonconductor  analysis. Two groups  have  performed the majority of the  evaluations 
of this  method:  Milton and Wutton at VG Elemental  [21]  and Van Grieken’s  group 
at  the  University of Antwerp [22-241. It is difficult to treat  the  works of these  groups 
separately  as  they  mesh to form  a  very  comprehensive  picture of the relevant  ex- 
perimental  factors  affecting  the  use of this  approach. 

The choice of the material  from  which  the  secondary  cathode (also called the mask 
or ~ ~ a ~ ~ ~ a g m )  is formed  must  address  a  few  basic  issues. First, the  material  must 
be available  in  high  purity.  It  must  tie  kept  in  mind  that  the  cathode is continuously 
sputtered,  and so the constituents of that  material  become  ionized  and  contribute 
to  the  resultant  mass  spectrum.  Thus,  there is a  definite  concern  about  the  ability 
to generate  a  clean  analytical  blank.  Second, the matrix  element  should  have  as 
few isotopes as  possible,  preferably  in  mass  ranges  removed  from  target  analytes. 
Finally,  the sputter rate of the secondary  cathode  must  be  sufficiently  high to form 
the  conductive layer under  typical  discharge  conditions,  without  being  so  high  as 
to form  too  thick an overlayer. 

Milton  and  Hutton C211 evaluated  aluminum,  copper,  silver,  indium, lead, 
and  tantalum  as  possible  secondary  cathode  materials. The first  three  candidates 
(AI, Cu, and  Ag)  sputtered at rates too high to allow  production of ions character- 
istic of the  glass  sample  (i.e.,  tended to produce  too  thick  a  metallic  layer).  Indium 
and  lead  are  soft  materials  that  lead to the  overcompression of the insulator-cath- 
ode-sample  sandwich,  consistently  resulting  in  electrical  short-circuiting  between 
the  anode  and  cathode.  Finally,  tantalum  does  indeed  exhibit  the  desirable  charac- 
teristics far application  as  secondary  cathode  materials.  Although  not  explicitly  re- 
quired, the fact  that Ta is a  getter  element is likely  to  provide  some  added  benefits 
as  well. 
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In  addition  to  the  need to obtain a proper  overlayer  thickness for optimal  sample 
sputtering, there is another  consideration  involving the relative  amounts of ion  sig- 
nal  derived from the  sample  and  cathode  species.  In  short, it is desirable  to  have 
the highest  possible  analyte  signal  intensity,  while ~ n i ~ z i n g  the  contributions 
from possible conta~nants  in  the  secondary  cathode.  Therefore, the ratio of the 
analyte-to-cathode  matrix  ion  signals is an  important  quantity.  Both  groups  have 
evaluated  the  respective  roles of the limiting  anode  diameter  (which  determines 
the total  sputtering  area)  and  the  inner  diameter of the secondary  cathode  (which 
determines the relative  sputtering  areas of the  cathode  and  the  sample).  In  addition 
to  establishing stable discharges  and  minimizing  the  relative  contribution of cath- 
ode  species, the exposed  area of the sample  adds a temporal  component,  as  large 
exposed  areas  require  longer  times for coverage.  Conversely,  very  small  regions 
tend to cover  quickly to the  point of forrning  too  thick a metallic  overlayer. 

The “analytical”  and  temporal  aspects of the  choice of the  secondary  cath- 
ode  geometry  are  summarized  in  Table  7.2.  As  seen  in  the  table, Van Grieken  and 
coworkers  [22]  found that the  optimal  situation is found  in the case in  which  the 
anode  diameter is just larger  than  the  inner  diameter of the  mask (5  and 4 m, re- 
spectively).  In  this  instance, the “sample”  signal  intensity is only  one  fourth  that 
obtained  when  the  largest  amount of sample is exposed,  but the samplelmask  ion 
beam  ratio is eight  times  higher. Thus, although  absolute signal intensity is sacri- 
ficed, it is more  than  compensated for by the reduced  probability of interferences 
from c o n t ~ n a n t s  in  the  mask  material. This conclusion is consistent  with  the 
findings of the analogous  study  performed  by  Milton  and  Hutton  [21].  Although 
there is no  difference  in  the  stability  and  reproducibility of the ion  signals  in  the 
data tabulated  here, the studies of Milton  and  Hutton  involved a wider  range of 
anode  sizes  that  produced  situations  in  which stable plasmas  were  not  achieved. 

Glass Analysis Obtained  with a Tantalum  Mask 

Cathode diameter 4mm 4mm 4mm 
Anode diameter 5  mm 7.5 mm 10 mm 
Optimal discharge conditions 3 mA 3 mA 3 mA 

0.3 kV 0.4 kV 0.6 kV 
Signal intensity (sample) 1E-12 A 3E-12 A 4E-12 A 
Signal intensity (samplelmask) 0.16 0.08 0.02 
Avg. intern. precision  (%STD) 2-10%  2-10%  2-10% 
Avg. extern. precision  (%STD) 5-25%  5-2596  5-25% 

Source: Ref. 22. 
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In  any  glow  discharge  device, there are  complex inte~elationships among  the  dis- 
charge  voltage,  current,  and pressure, In the case of using  a secondq cathode, 
these  dependencies  take  on  different  meanings  as the redeposition  process is inte- 
gral to the success of the methodology,  whereas it is generally  thought of as  a  neg- 
ative  attribute in other CD implementations.  Simply  put,  these  parameters  must be 
balanced to achieve the f o ~ a t i o n  of a  metallic  overlayer of proper  thickness. Sec- 
ondary  issues come about  from  the  desire to achieve  rapid  plasma  stabilization, 
low  amounts of signal drift, and u n i f o ~  sputter-erosion in the case of depth  pro- 
filing of insulators.  Figure ’7.4. illustrates the  importance of choosing  the  proper 
discharge  pressure  (presented here as  the  pressure in the in te~edia te  chamber  be- 
tween the ion  source  and  mass  analyzer)  through  temporal  profiles of the  ion  sig- 
nals for the case of using  a  tantalum  mask for a  glass  sample  [21].  At  the  highest 
pressure  (curve  a),  extensive  redeposition is evidenced by the  steady  decrease  in 
Si+ intensity  over  time, The lowest  pressure  (curve b) effects far less  redeposition 
and so the  opposite  trend is seen.  Finally, at a  moderate  pressure  (curve c) the 
plasma is seen  to  reach  a  steady state in approximately 12 min.  Source  stability 
evaluated at this  set of conditions  using  a  NIST  reference  material  was  on the order 
of 6% RSD using  ion  beam  ratios  over  a  150-min  analysis  period. Van  Crielcen et 
al.  [22] also showed  that  variations  in  discharge  power  (voltage  and  current) at a 
single source  pressure  influence the extent of redeposition  (via  samplelmaslc  ion 
beam ratios), 

The group  at  the  University of Antwerp  has  done  extensive  evaluations of 
the  possible  scope of the  secondary  cathode  methodology  [23].  The  evaluations 
identified  a  number of other “electrical”  dependencies.  For  example,  the  conduc- 
tivity of the  analytical  sample  influences  the  required  voltage  and  current  to sus- 
tain  a  stable  discharge,  and  thus  the  interplay  with  source  pressure  to  achieve  a 
proper  level of redeposition.  This  disparity  was first evidenced  in  a  comparison  be- 
tween the analysis of bulk  nonconductors  (glass)  and  compacted oxides, Although 
both  sample forms can be grossly  classified  as  “nonconductors”, differences in ab- 
solute  resistivity do affect perfo~ance,  As is well  known  throughout the GI) lit- 
erature [521, the applied  potential also plays  a  key role in the evolution  of the sput- 
tered  crater. As such,  there  may exist trade-offs between  the  discharge  conditions 
that produce the desired  analyte signal qualities  and  those for o b t ~ n i n ~  adequate 
depth  resolution for a  given  application.  Finally,  the  surface  roughness  of the in- 
sulating sample has an effect  on the optimal  discharge  conditions  and  equilibra- 
tion  times E221. In the case of  very  rough  samples,  greater amou~ts of redeposition 
are  required to fill crevices  in the surface  with  the  conductive  overcoating, 

The major  advantage of using  the  secondary  cathode  method for nonconductor 
analysis is that  the  sample is analyzed  directly  in its native form. Because  grind- 
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Temporal  profiles  of Ta (mask) and Si (sample) ion  signals of plasmas  oper- 
ated  under  different  discharge  conditions: a, voltage = 1 kV, Ar pressure = 5.9 X mbar; 
b, voltage = 1 kV, Ar pressure = 4.3 X mbar;  c,  voltage = 1 kV, Ar pressure = 5.2 X 
lo-, mbar,  Note:  pressure  measured  in  intermediate  region  of VG 9000  instrument. prom 
Ref.  21 .) 
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ing  and  mixing  are  not  part of the  protocol,  analysis  speed,  greater  temporal  sta- 
bility,  and  retention of spatial infomation are key  advantages. The applications 
highlighted  here  demonstrate  these  attributes  and  also  provide  a  glimpse of a  much 
higher  level of analytical  versatility  than  the  sample  compaction  method,  In  addi- 
tion  to the glass  and  metal  oxide  samples  described  in  the  previous  discussions, 
certain  oxide  and  carbide  materials  have  physical  properties  that  simply  prohibit 
mechanical  grinding  procedures. This of course  makes  solution-based  analysis  a 
less than  attractive  choice. 

Glow  discharge  mass  spectrometry is generally  considered to be underuti- 
lized with  regard  to its inherent  capabilities for isotope  ratio  analysis of solid  ma- 
terials.  In  fact,  studies  have  shown  that  the  technique  can be applied to produce 
meaningful  analytical  precision  and  accuracy. The group of Betti  and  coworkers 
E251 has  been  a  leader  in  GD-MS  analysis  of  nuclear  materials.  In  those  instances 
in  which  nonconductive  powders  require  analysis,  direct  compaction  (i.e.,  without 
binder)  with  analysis  through the use of a  secondary  cathode has shown to be  an 
effective  alternative  to  standard  thermal  ionization  mass  spectrometry  (TIMS). 
Comparisons  between  the  two  techniques  were  made for the elements  Li, B, Si, 
Zr, U, and  Pu.  Only  in the case of  Pu  were  the  TIMS  data  appreciably  better  than 
the  GD-MS,  whereas  mathematical  corrections for interference from U and  Am 
were  required to produce  comparable statistics to TIMS. The authors  concluded 
that CD-MS was  very  competitive  with  thermal  ionization; the former  was  con- 
sidered  to be virtually  nondestructive  since  only  very  small  amount  (nanograms) 
of material  are  actually lost to  the  analysis,  though  the  sample  preparation  required 
to isolate those  materials is very time consuming  and  complex. 

The most  creative  application of the  secondary  cathode  approach  was  de- 
scribed  by  Schelles  and Van Grieken [24], who  investigated its ability to determine 
the  elemental  constituents of polymeric  materials.  Mass  spectrometric  analysis  has 
almost  exclusively  been  directed at the  determination of molecular  weights  and 
disparity  characteristics;  secondary  ion  mass  spectrometry  (SIMS) [53,54] and  ma- 
trix  assisted laser desorption  ionization  (MALDI) [55,56] have  carried  the  major 
share of the  workload.  Growing  concerns  over the fate of polymeric  materials  in 
the  environment  and the leaching of heavy  metals into ground  waters  have  neces- 
sitated the development of methods  that  permit  the  elemental  analysis of bulk  poly- 
mers.  In  addition,  the  use  of  polymers  as i ~ o b i l i ~ a t i o n  media for waste  remedi- 
ation is also pressing  these  developments. 

Schelles  and Van Crieken [24] used  a Ta secondary  cathode for the  sputter- 
ing of polytetrafluoroethylene  (PTFE),  polycarbonate (PC!), and  polyvinylchloride 
(PVC) sheets of 0.5- to 1.0-mm thickness. Very di~erent from in the case of sput- 
tering  metals or oxides,  the  thermal  energy  deposited  during the course of sput- 
tering  can be catastrophic for polymers  that  are  subject to melting  or  even  pyroly- 
sis.  This  in fact was the case for PC,  which  melted  under  conditions  in  which the 
other  two  polymers  operated  stably. In general, the authors felt that  practical  analy- 
sis was  only  possible for polymers  with  melting  points >lOO°C. In the case of PTFE 
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and PVC, stable  plasmas  could  be  maintained for extended  periods,  with  the  spec- 
tra  dominated by atomic  ions  rather  than  molecular  fragments.  Figure 7.5 depicts 
the ion  signal  stability  achieved for a  PTFE  sample.  The  raw  signal  intensities  were 
observed to vary  by 3% to 20% RSD after  the  15-min  sputtering  time. The 12C+ 
signal was the base  peak for each of the  three  polymers  investigated  in  the  study, 
with  an  average current value of 1-6 x A. In general,  small  molecular  clus- 
ters  were  present  at  levels of much less than 1% of the 12C+ kensity; the  vast  ma- 
jority of the expected  species  appeared  at far lower  levels.  Therefore,  polyatornic 
ions do not  provide  substantive  molecular in fo~at ion ,  but  rather  pose  problems 
as  isobaric  interferences for trace elemental  species. In the absence of interferents, 
the carbon  matrix  ion signal level  would  suggest  that  high  part  per  billion  limits of 
detection  may be possible. As with the previous  discussion,  though,  blank  levels 
due to  the  mask  material are a  limiting  factor.  In  any case, trace element  analysis 
by direct  current  (dc) CD-MS with  a  secondary  cathode  appears to offer  capabil- 
ities for polymer  analyses  that  are  not  available  from  traditional atomic'spectro- 
scopic  methods. 

The use of the  sample  compaction  and  secondary  cathode  sampling  methodolo- 
gies  has  certain  positive  attributes  based on the initial  sample form, analysis  time 
constraints,  and  analytical  performance criteria of a  given  application. A common 
shortcoming of both  approaches is that  a  material  other  than  the  analytical  speci- 
men is subjected  to  the CD  atomizatio~ionization processes,  inflicting  additional 
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costs,  potential  contamination,  and  a  realm of additional  considerations,  as  de- 
scribed  in the previous  sections. The use of radio  frequency (rf) powering of the 
glow  discharge  plasma  circumvents  many of these  challenges,  providing  a  single 
methodology  and  apparatus for the  analysis of both  conductive  and  nonconductive 
sample  types. As will be described, rf GD-MS  has  as its genesis  the  use of mass 
spectrometry  to  monitor  and  study  plasma etchin~/deposition. It is interesting to 
note  that  although  “analytical” rf GD-MS  has  been  an  active  area of work  over the 
last l 0  years,  the  number of publications  in  this  area  easily  outnumber  all  those of 
the other CD-MS methods for nonconductor  analysis  combined. 

tals of Radio F r ~ ~ ~ e ~ c y  Glow 

The use of  rf potentials  (typically 13.56 MHz)  to  sustain  low-pressure  plasmas 
(p~icular ly  at nonconducting electrodes) is not  new,  as  they  have  been  used for 
over 30 years  as  sputter  etching/deposition  devices  in  the  electronics  industry [57]. 
A large  number of detailed reports describe the underlying  principles of analyti- 
cal rf GD  source  operation  as  they  are of high  interest for applications  in  both  the 
atomic  emission  and  mass  spectrometric  sampling  modes. The operation of the 
plasmas is easily  understood  when  one  considers  a  scenario of applying  a  high  volt- 
age  to  an  insulating  surface  as  depicted  in  Fig. 7.6 for the case of a *l-kV square 
wave  potential.  At  time  zero,  a large negative  potential  applied  to  the  cathode  sur- 
face causes  breakdown of the  discharge  gas  such  that  positive  ions  are  accelerated 
to the  electrode  surface. This of course causes the negative  potential to  be neutral- 

Response of an insulating electrode immersed in a low-pressure atmosphere to 
the application of a high-frequency square wave  potential. 
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ized to some  extent,  until the potential  swings to the positive  portion  of  the  wave- 
form.  At  this  point,  negatively  charged  species (i-e., electrons)  are  accelerated  to 
the cathode,  effecting  an  opposing  charge reduction, Because  of  their  much  lower 
mass, electrons cause  the  applied  potential to approach 0 volt at a  much  higher rate 
than do ions  in  the  negative  potential  half-cycles.  This  difference in charge  mobil- 
ity  acts  to  displace  the  applied  potential  toward  an  average  negative  value  over  a 
number of voltage  cycles.  Thus  the  potential  on  the  cathode  surface  alternates  about 
a dc bias  potential  wherein there is a  negative  potential  on the sample for S O %  of 
the rf cycle  and  a  positive  potential for a  relatively  short  period. The sample is 
therefore  bombarded  (sputtered) by positive ions for a  majority of the  time,  and 
charge  compensation  by  electrons  occurs for the remainder of the  cycle.  In  this 
way,  all  of the  desired  functions of an  analytical CD source  can  be  achieved for in- 
sulating  samples  and  conductors. 

Although rf CD-MS in spectrochemical  analysis  may  have  been  underuti- 
lized to date, there is a  substantial  body of work  regarding the fundamental  traits 
of these  plasmas  that  supports  their  use  in  analytical  spectroscopy [58-601. Many 
of these  studies  have  dealt  more  generally  with the use of  rf sputter  deposition 
plasmas  but are important to our understanding for better  source  designs  and  ap- 
plications  in  direct solids analysis.  Because  these  plasmas operate on  a  different 
basic  principle  than the traditional dc sources,  a  few of the  design  and  plasma  char- 
acteristics are presented  here. The establishment of the negative  dc-bias  potential 
is key to the  ability  to  sputter  the  sample  cathode  and  establish  an  effectively  field- 
free region  about  the  ion  sampling  orifice.  Coburn  and  coworkers  [58]  have  stud- 
ied  the role of the  respective electrode sizes within  the  plasma  in  isolating  sput- 
tering  to  the  target  (i.e.,  the  analytical  sample). Very  simply, the maximum dc bias 
is obtained  when  the  area  anode-to-cathode  r is maximized.  Therefore, it is ad- 
vantageous  to  power  a  small  sample  housed  in  a  relatively  large-volume,  grounded 
anode.  Unlike  in the case of dc GD-MS  sources, the ionization  processes  in rf plas- 
mas  actually  maximize  at  very  different  pressure8  than  the  atomization  rates.  In 
general,  optimal  analyte  ion  signals are obtained  at  pressures of  an order of mag- 
nitude less than  in  the dc case  (hundreds of milliTorrs  vs.  Torrs) [ 1 1,28--321. The 
lower  pressure  leads  to far greater spatial segregation of the plasma  processes  and 
resultant  analyte  ions.  Therefore,  ion  sampling  position is a  key  aspect  in  system 
optimization  as  discussed  in  the  following  sections. To a  first appro~imation, op- 
eration of GD plasmas at lower  pressures  results  in  much  higher  cathode  poten-. 
tials, but  this is not  the  case of the dc bias  in the rf discharges. These values  tend 
to be less than for the dc, implying  that  a  greater  fraction of the applied  power is 
directed into the gas-phase  excitation  and  ionization  processes.  Detailed  Langmuir 
probe  measurements  in  both  process  and  analytical  GD  plasmas  confirm  that  this 
is indeed  the case as  electron  energies  and  temperatures  are  much  higher  in the rf 
discharges 1[59,61]. This is also true for the  all-important  metastable  gas  species 
that  Coburn  identified early on  as  crucial  to analyte ionization  in  deposition  plas- 
mas  [60]. 
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The first  real  indication of the possible  utility of the rf powering  mode for “ana- 
lytical”  chemical  applications  was  presented in a  review article by  Coburn  and  Har- 
rison in 1981 [ 1 l]. In  a  way,  the  authors  provided  a  bridge  between  two  sides  of  a 
river:  Coburn  viewed  mass spectrometry as  a tool to understand funda~ental 
processes  occurring  in  plasma  deposition  sources,  whereas  Harrison,  whose  back- 
ground  was  in  spark  and  plasma  source  mass  spectrometry,  viewed it as  a  tool for 
spectroche~cal analysis.  At  that  time, rf CD-MS was  simply  a  tool of physicists 
and  engineers,  but the ability  to  derive  composition-  and  depth-resolved  informa- 
tion  about  an insulating target  was  clearly  presented. Soon after that publication, 
a  single  report  describing  the  use of rf powering for a  hollow  cathode  GD-MS 
source  [termed  an ~ c ~ v i ~  ion source (CIS)]  was  presented  by  Donohue  and  Har- 
rison  in  1975 [62]; in it mass  spectra  derived  from  metallic,  glass,  and  solution 
residue  samples  illustrated  the  possible  utility of the  approach, The analytical  per- 
formance  (i.e., spectral characteristics,  sensitivity,  and  stability) of the  source  was 
found to be equivalent to or  better  than  that of the  much  more  fully  developed dc 
powered  hollow  cathode  sources,  suggesting  a  great deal of promise. 

Despite  the  possible  utility  demonstrated  through  the  previously  cited  works, 
the  field of rf CD-MS lay  dormant for almost 15 years  until  a  paper by Duckworth 
and  Marcus  reintroduced  the  concept  in  1989  [26]. In that  paper, the operating  prin- 
ciples and  basic  design criteria for “analytical” rf GD-MS  sources  were  presented 
for a simple  diode  source  used for the  analysis of 0.5-inch-diameter  sample  disks, 
including  metals,  solid  glass,  and  compacted  (without  binder)  metal  oxide  pow- 
ders. In addition to illustrating the flexibility of the rf CD ion  source,  data  were 
presented  that  indicated  a  more  complex inte~elationship between  discharge  con- 
ditions  and  ion  extraction  (sampling)  position  than  had  been  seen for dc powered 
sources. The requirement to optimize  ion  sampling  position  and  discharge  condi- 
tions, along with  a  need for efficient  sample  interchange,  has  led to the  imple- 
mentation of more  user-friendly  designs  based on 4.5-inch-diameter direct in- 
sertion  probes (DIPs) [27].  Figure  7.7 illustrates the  general  approaches  used  in rf 
GD-MS  source  design  as  implemented by the Clemson  University  laboratory.  Use 
of DIPs provides  a  means of mounting  the  sample,  providing  electrical  contact, 
position optimi~ation, and  introduction  through  a  vacuum  interlock.  All  subsequent 
rf  GD-MS  sources  have  employed  some  sort of DIP approach. On the basis of the 
diameter of the probe, implement in^ sample  holders for pin-shape  and  small  disk 
samples is relatively straightfo~ard (Fig.  7.7a). A number of groups  have  de- 
scribed  such  designs.  All of these  designs  are  somewhat  different  in  respect to the 
ion  volume  and  spectrometer  geometries  (as  well  as  investigators’ preferences); 
hovyever, the opt i~zat ion of discharge  and  sampling  positions  are  remarkably  sim- 
ilk. 

Given the wide  diversity of solid  sample  forms  and  the  particular  difficulty 
of machining oxide (e.g.,  glass  and  ceramic)  samples to a  fixed form, rf GD  ion 
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Radio frequency  glow discharge mass spectrometry (rf GD-MS) source designs 
employed on  a VG GloQuad instrument for the analysis of a, Pin-type samples. (From Ref. 
28.) b, Flat samples. (From Ref. 29.) 

sources that allow for the  analysis of flat,  disk-type  samples  have  been  developed 
for mounting  on  tbe  end of DIP devices  (Fig.  '7.7b). As in  the case of the  pin-type 
sources,  detailed  consideration of the interplay  between  discharge  conditions  and 
ion  extraction  geometries is key to these  developments. The analysis of disk  sam- 
ples is accomplisbed  with either suitable mounts  on the end o 
that  engages  the  sample  against  an  ion  volume  anode  to  create 
charge ~ e o m e t ~  (in  much  the  same  manner  as  in the commercia 



sources).  In  a  number of implementations of this  geometry,  authors  use  the phrase 
G ~ ~ ~ ~ - ~ ~ e  geometry by analogy to the c o m o n  CD-AES  source.  Although  the 
Grim-type discharge  does  indeed  employ  an  obstructed  electrode  arrangement, 
most  GD-MS  sources  are  not  truly  of  this  geometry  as  auxiliary  pumping  between 
the  cathode  and  anode is not  employed  as  in  the  AES  case. 

In  concluding the discussion of  rf GD-MS source  geometries,  the  number of 
works  involving the use of magnetic  plasma  enhancement  methods cannot  be ig- 
nored [63-661. These  “magnetron”  arrangements  have  their roots firmly  grounded 
in the plasma  deposition science and  engineering literature [57]. ~agnet ron  GD 
sources  generally  employ  concentric  permanent  magnets (>1OO-G field  strength) 
located  behind the cathode/target  and  thus not exposed to the plasma.  Magnetic 
fields  permeate  the  cathode  and trap plasma electrons in  helical orbits close to the 
surface,  decreasing the atom-electron  mean free paths  and  thus  increasing  the  over- 
all plasma ionization efficiencies.  As  a  result,  magnetron  enhanced GD sources  can 
operate at two to three orders of magnitude  lower  pressures  than  standard rf GD 
ion  sources  (single  vs.  hundreds of millitorrs). This greatly  reduces the entire sys- 
tem  vacuum  pumping  requirements.  Lower  operating  pressures  would  seem to hold 
the promise of lower  amounts of molecular  ion  species  in the spectra  and  perhaps 
higher  ion signal fluxes  as  larger  differential  pumping  apertures  could  be  employed. 

Interestingly, the groups  describing  the  use of magnetron rf GD-MS sources 
each  used  different  mass  analyzer  systems:  Hecq  and  coworkers  [63,64],  a  quadru- 
pole  mass  filter; Saprykin et al. 1651, a  double-focusing  instrument;  and  Hieftje  and 
coworkers  [66],  a  time-of-flight  (TOF)  spectrometer.  Each  group  indeed  found  that 
lower source pressures  could be utilized  than  in  “normal” rf powering,  though  only 
Saprykin  [65]  reported  obviously  lower  levels of polyatornic  ion  contributions. 
Hieftje E661 compared  molecular  and  discharge  gas  ion ratios to  those of analyte 
elements, with and  without  magnetic coupling. Lower amounts of molecular 
species  were  eventually  attributed  to  differences in ion  sampling  position,  with  the 
magnetron  producing AdCu ratios  that  were 15-20 times  higher  than in the  %or- 
mal” rf source  operation.  Although  magnetron  use  was  proposed  as  a  means to re- 
duce the  deleterious  effects of nonconductive  sample  thickness by virtue of en- 
hanced  plasma  density,  differences  in  magnetic  field  strength  permeating  through 
to the sample  surface  (even for conductive  samples)  add yet another  sample-de- 
pendent  variable to complicate  quantification, 

In addition to the differences in magnetic  coupling  described,  two other lim- 
itations hinder the use of magnetron  geometries: (1) the  sample  must  be  in  a  disk 
form and (2) the sputtered crater is a  circular  “track” rather than  a  flat  surface. 
Saprykin E651 presents  profilometer  tracings of “normal”  and  magnetron  craters 
that illustrate that  although  the  sputtering rate is higher  with  magnetic  coupling, 
the  ability to perform  depth  profiling is greatly  compromised.  Another  aspect of 
the circular  sputtering  track  was  indirectly  addressed by  Hecq  and  coworkers [64], 
who  sampled  ions in the  normal  axial  (end-on)  and radial (side-on)  directions. Very 



simply,  the  inhomogeneous  magnetron  plasma  requires  greater spatial selectivity 
than  the  more  diffuse  plasma  produced  in  the  “normal”  powering  mode. 

The major  driving force for the  development of rf-powered  GD-MS  sources is of 
course  the  broad  diversity of possible  analytical  samples  to  which the devices  may 
be  applied.  It  should be noted at the outset that a  number of the cited  works  have 
shown  that  the  performance  characteristics  of  the  sources  are equal to or better  than 
that of dc  GD-MS for metallic,  conductive  samples. In the  discussion  that  follows, 
the use of rf GD-MS is highlighted for the  analysis of  bulk  insulators,  oxide pow- 
ders,  and  polymeric  materials. 

The  analysis of  bulk  nonconductive  materials  by rf GD-MS  has  been  un- 
dertaken  with  greater  emphasis  on  source  development  and  characterization  than 
on  pure  quantitative  analysis  within  specific  analytical  systems.  For  the  most part, 
studies by Marcus  and  coworkers  have  demonstrated  general  analytical  figures of 
merit  that  could  be  attained for given  source  geometries  on  commercial  GD-MS 
systems [28-30,331.  As such,  the  results  are  something of benchmarks  relative  to 
dc source  operation,  but for the case of nonconductive  samples  in rf powering. 
Throughout  these  studies,  a  few  general  observations  can be made;  they are for the 
most  part  consistent  throughout  the rf GD-MS literature cited in this  section.  These 
traits include ( l )  lower  operating  pressures  relative to those of dc powered  systems 
(hundreds of milliTorrs  vs. Torrs), (2) high  degree of signal  and spectral respon- 
sivity to changes  in  discharge  conditions  and  ion  sampling  position, (3) faster 
plasma  stabilization  times for metals  relative to dc discharges (single minutes  ver- 
sus tens of minutes),  and  (4)  an  inverse  relationship  between  nonconductive Sam- 
ple thickness  and  ion  signal  intensities. The latter factor  would be expected to pro- 
vide  severe limitations to quantification.  Although  these limitations have  been 
successfully  addressed  in  this  laboratory [29], it is still true that absolute  sensitiv- 
ity is sacrificed  as  thicker  samples  are  analyzed. 

Many of the  primary  analytical  characteristics of  rf GD-MS  analyses of flat 
glass  samples  are  demonstrated  in  the data presented  in  Table 7.3 [29]. These data 
were  obtained for NIST 610 Trace  Elements  in  Glass  samples  that  are  in  the  form 
of l-m-thick,  10-m-diameter disks analyzed  on  a VG GloQuad  insfo ford, 
Cheshire, IJK) spectrometer  system  equipped  with  a  flat  sample  holder cell. In  gen- 
eral, the  ion  signals for the  analyte  elements of these  samples stabilize to  better 
than  7% RSD in  <20  min,  whereas  the l60+ signals  take  as  much  as 50 min  to  reach 
a  steady  state. The data  presented  in  Table  7.3 illustrate the  stability of the  ele- 
mental  ion  signals  (ratioed to the 2sSi+ internal  standard)  over  what  would be con- 
sidered  a  typical  45-min  analysis  time.  Interestingly,  only  the  56Fe+  signal  shows 
a  variation  over  2.5 RSD. It is expected  that  this  value is elevated  as  a  result of the 
presence of the isobaric  ArO+  species.  Si-referenced  RSFs  produce  elemental  con- 
centration  accuracies of less than  6%  error,  except  in  the case of Fe. The pooled 
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rf-GDMS Analysis of NIST 610  Trace  Elements  in Glass Standard 

 intern^ (n = 3)  External (n = 5) 

Cert.  Avg.  Avg. 
value  RSF  conc. %RSD %Err.  conc, %RSD %En. 

0 
Na 
A1 
Si 
Ca 
Ti 
Mn 
Fe 
CO 
Ni 
Zn 
Rb 
Sr 

Ce 
Eu 
Au 
TI 
Pb 
Th 
U 

f%2 

50.37% 
5.19 
0.53 

33-66 
8.58 

437  ppm 
485 
458 
390 
459 
433 
426 
5  16 
254 
450 
450 
25 
61.8 

426 
457.2 
46  1  .5 

2.43 
0.658 
0.273 
1 .oo 
0.00443 
0.00625 
1.29 
0.00262 
1.25 
0.097  1 
0.168 
1  .28 
2.08 
2.54 
6.68 
4.21 
1.72 
9.34 
6.92 

5  1.42 
66.59 

50.39 
5.19 
0.55 

33.99 
9.07 

453 
492 
555 
394 
469 
41 8 
440 
53  1 
262 
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24 
65 
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447 
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1 .5  1.9 
0.4  0.1 
2.0  3.4 
0.4 l .o 
1 .o 5.7 
0. 1 3.7 
0.3  1.5 
6.6  21.3 
0.6  1.1 
0.7  2.3 
1  .2  3.4 
0.9  3.4 
0.7  3.0 
1.8  3.2 
0.7  1.5 
1.3  3.8 
0.3  2.2 
1.7  5.8 
1.2  0.7 
2.3  2.3 
1.4  3.1 

52.10 
4.78 
0.52 

32.99 
8.95 

43 1 
497 
546 
398 
466 
408 
435 
517 
243 
437 
434 
23 
59 

415 
423 
427 

11.3 1.4 
13.6 7.9 
10.4 2.4 
4.9 2.0 
2.9 4.3 
4.7 1  .3 
2.7 2.5 

14.2 19.2 
3.2 2.0 
6.4 1.5 
5.8 5.9 
2.5 2.2 
4.9 0.3 
5.7 4.5 
6.3 3.0 
3.1 3.5 

10.6 8.0 
10.9 4.5 
6.8 2.7 
8.9 7.6 
8.3 7.4 

Discharge conditions: rf power = 35W, Ar Aow rate = 2.00  sccm;  orifice dimter = €0 mm;  cell 
= €0 mm. 
Source: Ref. 29. 

data  reflecting  the  external  reproducibility  represent  five  complete  analysis  cycles 
with the sample  exposed  to  atmosphere,  reintroduced,  and  sputter-equilibrated for 
60 min.  In  this case, the  previously  determined  RSFs  are  shown to compensate ef- 
fectively for differences  in sample surface  and  plasma  discharge  conditions. The 
repeatability  values  presented here are  very  good  and do not  differ si~nificantly 
from  those  achieved  in  conventional dc GD-MS  analysis of alloys  using  this in- 
strument. By the  same  token,  limits of detection  obtained for trace elements  in  glass 
matrix  materials  are  not  appreciably  different  than  those for alloys. As an  exam- 
ple of this  characteristic,  Fig. 7.8 depicts the  mass  spectrum  obtained for the  lead 
isotopes  present  in  an  NIST 612 Trace  Elements  in  Glass  sample  generated by a 
flat-type rf GD-MS source  mounted  on a V69000 (Winsford,  Cheshire, UK) mag- 
netic  sector  mass  spectrometer.  On the basis of the  observed  signal-to-noise  char- 
acteristics, the detection limit for the  204Pb isotope (504 ppb  in  sample) is calcu- 



Analysis o~~onconduc~ive  Sample  Types 283 

Radio frequency  glow discharge mass  spectrometry (rf GD-MS> spectrum of 
the lead components in an NIST 612 Trace Elements in Glass sample; 204Pb concentration, 
540 ppb. (From D. C. Duckworth, unpublished results.) 

lated  to  be 16 ppb, This value is very  competitive  with  that  achieved  in  metals  analy- 
sis  under  similar  acquisition  conditions  using dc power.  Finally,  Gibeau  and Mar- 
cus [67] have  shown  that  the  resultant  crater  shapes  produced  in the rf sputtering 
of ceramic  materials do not  differ  appreciably  from  those of metals,  suggesting a 
number of o p p o ~ u ~ t i e s  in  depth  profile  analyses  (albeit  at  much  slower  rates). 

The analysis of nonconductive  (usually  oxide)  powder  samples  touches a 
very  diverse set of industrial  applications  ranging from geological  specimens  to 
precious  metal  containing  automotive  catalysts.  As  would  be  expected from the 
detailed  discussions  in Sec. 7.2, the  analysis of powders is a great  analytical chal- 
lenge.  In fact, the  analysis of samples  originating  in  powder form does  not  benefit 
to the extent  that  one  might  expect  from rf powering; the reason is straightfo~ard. 
Although  the  use of  rf  powering  permits the analysis of pressed  oxide  materials 
without  the  need for a conductive  metal  binder (as required for dc GI> operation), 
the  much  discussed  benefits of the use of “gettering”  binders is lost. Thus, the  mass 
spectra of directly  compacted  samples  are  inherently  complicated as a result of ad- 
ventitious  water  and  trapped  gases  in  the  pressing  process. In this case, direct com- 
parison  with the use of dc powering for getter-bound  compacted  samples is a rea- 
sonable  endeavor. 



Harrison  and  coworkers  have  described  in  a  pair of publications  the  evalua- 
tion of operating  characteristics of the rf GD-MS of oxide  powders  [31]  and  the 
comparison of this  “direct”  method  to the use of metal  binders for conventional 
CD-MS analysis  [32].  As  mentioned,  direct  compaction of geological  materials  in 
this  case  produces  very  complex  mass  spectra  consisting of a  large  range of mo- 
lecular species  related to water  and  trapped  gases. This situation  was  remedied  to 
a  very large extent  with  the  use of a  liquid  nitrogen  cold  finger  in the plasma  re- 
gion for periods of greater  than  30  min  prior to mass  analysis [ 3  l]. The same  pro- 
found  improvement  (70%-100%  reduction  in  gaseous ions) was  found  as  well for 
bulk  nonconductors  such  as  Macor. A. detailed  evaluation of the  roles of discharge 
power  and  pressure  and  ion  sampling  distance  on the signal  responses of analyte, 
residual  gas,  and  argon-related  species  provided  very  interesting  and  useful in- 
sights into plasma  processes  and  methods of optimizing  spectral  responses [31]. 
Although  sets of discharge  conditions  that  provide  very  good  sensitivity  and  high 
S N  ratios  are  readily  identified, the sensitivity  to  variations  in  conditions is quite 
profound  and  can cause difficulties.  Relative  sensitivity  factors  were  compared for 
a  number of analytes  and  oxide  materials,  with  the  span of  values for most ele- 
ments  fairly  well  defined  and  not  out of line with literature values.  In fact, semi- 
quantitative  analysis,  based  on  simple  ion  beam ratios, was  within  a  factor of 2 for 
a  firebrick  standard. The rf GD-MS of directly  compacted  oxides  produced  very 
stable  plasmas (<5% RSD for 1 hr), which  are  advantageous for quantitative  de- 
t e ~ n a t i o n s .  It  should be pointed  out  that  these  results  are quite comparable  to 
those of Pan  and  Marcus [68], who  evaluated  the  use of rf CD-AElS  in  the  analy- 
sis of glass  powder  samples. 

The comparison of rf and dc powering by  Hamison  and  coworkers E321 was 
carried  out  at  a  number of different  levels. An NIST  iron  standard  was  first  used to 
evaluate  the  relative  characteristics for conducting  samples.  Discharge  conditions 
that  produced  similar  levels of analyte  ion signals were  employed for rf and dc, 
though  admittedly  these  conditions  were  a  compromise  relative to the  optimum for 
rf signal  intensities.  Even so, very  few  analytical  differences  existed for the two 
powering  schemes,  including  relative  sensitivity  factors,  stability (45% RSD),  and 
sample-to-sample  reproducibility (~20%). Interestingly, the rf plasma  produced 
much  higher  levels of residual  water  signals  than  the  dc  plasma  in the case in  which 
cryogenic  cooling  was  not  utilized.  (This is of no  analytical  consequence,  as  cool- 
ing is now  the n o m  in all GD-MS  analyses.)  Trade-offs  between  conditions  yield- 
ing  high R values (R  = M+/(&€+ + MO+)) and  ion signal intensities  were  seen for 
the  pure La,O, model oxide, with  high La+ signals  and R values of 4 0 %  produced 
for a  finite  set of compromise  conditions.  As  seen  in  the earlier study  [31],  these 
values  were  sensitive  to  changes in plasma  and  sampling  conditions.  Comparison 
of the rf and  dc  discharges  was  made for nonconductor  analysis  using Ag as  a  very 
weak  getter  matrix  and  again  discharge  conditions  that  yielded  similar La+ signals. 
A. relatively  low rf power  of 8 W was  employed  as  higher  powers  produced  sput- 
tering  conditions  that  tended  to  clog  the  sampling  orifice.  Under  such  conditions, 
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the R value  from  dc  powering  was 98% vs. 75% for the rf. Operation of the rf dis- 
charge  at  higher  powers  was  projected  to  produce  more  comparable  values.  Analy- 
sis of a mixture of rare earth elements (REEs) indicated  that  the  degree of atomic 
ion  production  was  again  very  sensitive to sampling  conditions  (i.e.,  position,  pres- 
surelpower)  in  the case of rf, and  not so much so for the dc case. In fact, R values 
between the REEs varied  with rf conditions,  but  not for dc, seemingly  depending 
on the M-0 bond  strengths.  Relative  sensitivity  factors for the rf and dc plasmas 
were  found  not  to  be  appreciably  different  under  controlled  conditions,  as  the rf 
source  showed  very  good  stability (-5% RSD)  and  reproducibility ( ~ 1 5 %  RSD). 

As  described  in  Sec. 7.3, which  dealt  with the use of the  secondary  cathode 
methodology,  one of the unexpected  areas  in  which  GD-MS  may be applied (so 
long  as  the  sample can  be analyzed intact) is the direct  analysis of polymeric  ma- 
terials. A simple  method  providing  elemental,  end-group,  or  molecular  weight in- 
formation  could  have  impact  in a number of industrial situations.  Coburn  and 
coworkers  actually  reported the production of molecular  fragment  mass  spectra of 
fluoro-  and  hydrocarbon  polymers  by rf GD-MS [69]. Twenty  years  later,  Marcus 
and  coworkers  noted a number of unexpected spectral features in the analysis of 
small  glass  samples  mounted to the DIP  via  double-sided  adhesive  tape.  On fur- 
ther  study, it was  shown  that  these  species  were in fact  representative of the  com- 
position of the tape. This observation  has  opened  up  an  entirely new line of study 
in the  use of rf GD-MS  as a tool that  provides  high-sensitivity  determinations of 
polymer  composition. 

The first  studies  by  this  group  involved  an  evaluation of discharge  parame- 
ters  and  their  respective  roles in the  structure  and  intensity of mass  spectra  derived 
from  PTFE-based  polymers [70]. The spectra  were  found to be nearly  identical to 
those  obtained by SUMS, as  shown  in  Fig. 7.9, but  with  ion  beam  currents that were 
six  orders of magnitude  more  intense  vs.  A). The polymer  fragment 
ion  currents are in fact similar  to  those  obtained  in  metals  analysis by rf GD-MS. 
Plasma  stabilization  times of less than 5 min  were  easily  achieved,  mdcing the 
analysis  very  competitive  with  SIMS. In contrast to those  in the work of Schelles 
and Van Grieken [24], the spectra  were  rich  with  molecular  fragments  as  opposed 
to  mainly  atomic ions, with  the  CF3+  fragment  in the rf spectrum -1000 times  more 
intense than the C? in the dc case.  Discharge  power  was  not  seen  dramatically  to 
change the spectral character,  only  the  ion signal levels.  On the other hand,  changes 
in  discharge  gas  pressure,  and  more  correctly the subsequent  changes in dc  bias, 
cause  substantial  variations  in  the  spectral  character.  Specifically,  high Ar pres- 
sures (i.e., lower  dc-bias  values) are less effective  in  liberating  polyatomic  species, 
and so the spectra tend  to be more  atomic  in  nature. A depth  profile of a metallic 
layer on a polymer  substrate  was  presented to demonstrate  applications  such  as  the 
analysis of printed circuit boards. 

Two additional  studies  have  focused  on the area of polymer  analysis by rf 
GD-MS. The problem of sample  melting  was  addressed  through  the  design of a 
cryogenically  cooled  sample  holder [7 l]. Just  as  in  the case of Schelles  and Van 
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Radio  frequency  glow  discharge mass spectromehy (rf GD-MS) spectrum of 
a 1.5-mm-thick  polytetrafluoroethy~ene (PTE) sample (rf power = 20 W, Ar pressure = 
0.075 mbar, logarithmic  units  of  ion  signal  current). (From Ref.  70.) 
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Grieken,  low-melting-point (<lOO"C) polymers  such as polycarbonate  decompose 
readily,  even  under  relatively  mild GD sputtering  conditions.  Marcus  and  cowork- 
ers used a simple  plumbing modi~cation of a VG  GloQuad  system to use the same 
LN2 supply for both  sample  cooling  and  normal  cryocooling of the  discharge cell 
volume. This modi~cation not  only  allowed  effective  analysis of  low melting  point 
polymers,  but also yielded  greater  temporal  stability for all polymer  analyses.  This 
assembly  has  recently  been  used  in a study  that  has  shown  that rf GD-MS  can  be 
applied  to  differentiate  isomeric  fluoro-  and  hydrocarbon  polymers [72]. Ratios of 
characteristic  fragment  ion  signals  were  found to be  very  reproducible  and  unique 
for each of the polymers  examined. As such,  ion  ratios  in  the  fingerprint  region of 
the  mass  spectra  can  be  effectively  employed to distinguish  polymers of the same 
(or  related)  chemical  forrnula.  This  capability  addresses a major  point of interest 
in many  industrial  laboratories;  when  coupled  with  rapid,  depth  resolved  analyses, 
presents a bright future for rf GD-MS. 

The power of  glow discharge  mass  spectrometry  (GD-MS)  in the area of ultratrace 
analysis of specialty  metals  and  semiconductors is unquestioned. The technique 
also offers  some  very  positive  attributes  in the analysis of nonconductive  materi- 
als  such as glasses,  ceramics, soils, and  polymers. The possible  impact of suc- 
cessful  analytical  developments is immense as it is these  sample  types  that  are the 
most  difficult  to  place into solution.  In fact, it is only  with  new  capabilities  in  these 
areas  that  GD-MS  will see growth  in its user  base. The three  methods  described 
here all have  strengths  and  weaknesses  with  regard to sample form, sample  prepa- 
ration  complexity,  analysis  time,  analytical  figures of merit,  and  inforrnation  con- 
tent.  It is hoped  that  this  review  has  put  many of these  attributes in a context  that 
will  allow  persons  faced  with the challenges of such to make  decisions  appropri- 
ate to  their  problems  at  hand. 
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Ann  Arbor ~ i c h i ~ a n  

Within the past 10 years  inductively  coupled  plasma  mass  spectrometry  (ICP- 
has  engendered  more  effort  and  excitement  within  academia  and  industry  than  any 
other  area of inorganic  mass  Spectrometry. A few  years ago the  first  papers  de- 
scribing  preliminary  results  from a new kind of double-focusing  ICP-MS  that  in- 
corporates simultaneo~s measurement  with  multiple  Faraday  detectors  were  pub- 
lished  (Walder  and  Freedman, 1992; Walder et al.,  1993a,b).  With a prototype 
instrument,  these  authors  demonstrated  that  they  could  accurately  measure the iso- 
topic  compositions of Sr,  Nd, Hf, Pb, and U with  the  high  precision  and  repro- 
ducibility  characteristic of thermal  ionization  mass  spectrometry  (TIMS),  but  by 
nebulizing a solution. The sensitivity  (ions  detected  per  atoms  utilized)  was  better 
than  that  achievable by TIMS for elements  such  as Hf, with  very  high  first  ioniza- 
tion  potential,  but  comparable  or  somewhat  inferior for other elements.  The ease 
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with  which the data could  be  acquired  was  remarkable. The same  team  then  went 
on to de~onstrate that they  could  also  determine Pb isotopic  compositions  at  high 
precision in situ  with  a  laser  (Walder et al., 1993~). 

Although  this  instrument  was  originally  marketed  in  terms of the  ease of ac- 
quisition  with  which it could  provide  isotopic  compositions of elements  that  were 
already  being  studied  with  TIMS  and  secondary ionization mass  spectrometry 
(SMS), it quickly  became  apparent that it was capable of measuring the isotopic 
compositions of elements  that  had  hitherto  proved intractable, as  well  as  provid- 
ing a  new  way  of  measuring  in  situ at unprecedented  precision  (Christensen et al., 
1995; Halliday et al.,  1995, 1997; Lee  and  Halliday,  1995a; Yi et al., 1995).  Thus 
this  field  unquestionably  represents  the  most  radical bre~through in high-preci- 
sion  isotope ratio inorganic  mass  spectrometry in recent  years. 

In  these  first 5 years,  scientists  have  used  multiple-collector  inductively  cou- 
pled  plasma  mass  spectrometry  (MC-ICP-MS) to achieve  unprecedented  precision 
in  the  measurement of Cu, Zn, Ga,  Cd, In, Sn, Te, HE,  W, TI,  Pb, Th, and U iso- 
topic  compositions  at  high  sensitivity;  made  the  first  high-precision isotope dilu- 
tion  measurements of the  earth's  inventory of  many  poorly  understood  elements 
such  as In, Cd,  Te,  and the platinum  group  elements;  determined the age of the 
earth's core, the  moon,  and  Mars  using  a new short-lived  chronometer  182Hf-182W, 
made the first  precise  Sr, Hf, W, and  Pb isotopic measurements  in situ; developed 
a  totally new class of high-precision  stable  isotope  measurements of the  small,  but 
important fractionations of Zn and  Cu  in  nature;  and  determined  high-resolution 
Pb isotope stratigraphies for portions of the  world  oceans.  Clearly,  this is but  the 
beginning;  MC-ICP-MS  offers  exciting  times  ahead in fields well  beyond the 
bounds of isotope and trace element geochemis~.  

This chapter  first  presents  a  review of the rapidly  developing  range of MC- 
ICP-MS ins~mentation available,  then  briefly  surveys  the initial experiments  and 
associated  methodologies  that  have  helped  to  characterize the current and  predicted 
performance  of  this  kind  of  mass  spectrometer,  and  concludes  with  a  description 
of  the  exciting  research  areas,  previously  considered to be intractable, that are now 
developing in the earth sciences,  cosmochemistry,  oceanography,  and the life sci- 
ences as  a  direct  consequence of this  technique. 

In order to achieve  isotopic  ratio  measurements  that  are of comparable  precision 
to those  acquired by TMS, but  using  an ICP source, four difficulties  have to be 
overcome.  First,  the ICP source is maintained  at  a  high  pressure,  primarily  gener- 
ated by the Ar  used  as the plasma  support  gas,  in  a  similar  manner to that  com- 
monly  deployed  in  conventional  ICP-MS  (hereafter  referred to simply as ICP-MS). 
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Naturally,  one  wants to achieve  high  transmission  and  extract  as  many  ions from 
this  source  as is possible,  and  in  fact  the  focused 40h+ ion  beam  can be as  large as 
a  microampere.  However,  high-precision isotopic measurements require ultrahigh 
vacuum (<lo"* mbar)  in  order to minimize collisions between  analyte ions and 
atoms  in the residual  vacuum  envelope  and  preserve  good  peak  shapes.  Therefore, 
all MC-ICP-MS  instruments  need to be  accompanied  by  a  considerable  inventory 
of pumps  to  achieve  efficient  near-supersonic  extraction at the cone interface,  pump 
away  residual h, and  maintain  ultrahigh  vacuum  in the analyzer. 

Second, the source of ions is geometrically  broad  compared  with  that  in 
TMS. Therefore,  the  extracted  ions  need to be  spatially  restricted  and  direction- 
ally  focused  at the source (defi~ng) slit with  minimal loss of transmission,  in  order 
for the  mass  resolved  ion  beams to fit  easily  within  the  openings of the  multiple 
Faraday  detectors  (buckets)  and  produce  excellent  peak  shape. 

Third, the ions in such an inductively  coupled h plasma  source  possess  a 
broad  energy  spread of up to -15  V, sometimes as high  as 20-30  V-roughly two 
orders of magnitude  greater  than  in  TIMS.  Therefore,  the ions of interest need to 
be  focused  and  restricted  in  their  energy  spread  before  entering  the  magnetic  sec- 
tor; otherwise  they  will  not  be  focused at the  collectors  and the peak shape will be 
greatly  degraded.  In  practice,  the  energy  spread of all components,  including the 
plasma  support  gas, is too  great  to  provide the same  focusing for all ions. This does 
not  matter,  however, so long  as  the  ions of interest are  focused. 

Fourth, all plasma  sources are inherently  unstable  relative to the best T N S  
sources.  Improving  plasma  stability  assists the task of energy  and  directional fo- 
cusing.  However, the single-detector  system is too slow to respond to the changes 
in  signal size resulting  from  plasma  instability  if  sequential data collection is de- 
ployed. To achieve  high  precision it is essential to use  simultaneous  multiple  Fara- 
day  collection to cancel  out  the  effects of plasma  instability.  Therefore, all instru- 
ments  need  broad  dispersion  to  incorporate  multiple  collectors  and to produce  ion 
beams  that  are  focused  in  the z direction  with  minimal  aberrations.  Hence  extended 
geometry is the  norm for MC-ICP-MS. 

The only  such  multiple-collector  ICP-MS  proved to operate in a  routine  man- 
ner  with  a  significant  track  record at the  time of writing is manufactured  by VG 
Elemental  under the model  name  Plasma 54 (hereafter  P54).  However, three new 
and  interesting i n s ~ m e n t s  are  being  developed  and  marketed,  one  by Nu Instru- 
ments,  the  second by Micromass  Inc.,  and the third by  VG Elemental.  Each of these 
latter instruments  utilizes ICP sources  with  a large potential  difference  (rt4 to 6 
kV)  relative to the  analyzer  region.  They all differ from the P54 by  including  a  lam- 
inated  magnet capable of fast scanning  and  are  accompanied  by  a  range of inno- 
vative  solutions to the design  obstacles  discussed.  The  footprints  are  smaller. The 
electronics are greatly  simplified  and  modernized  relative  to  those of the  P54,  with 
computerized  monitoring  and  control of nearly all instrument  parameters. The data 
control software suites are  relatively  accessible.  Many  programs  are  written  in Vi- 
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Outline of the multiple-collector inductively  coupled plasma mass  spectrome- 
ter (VG Elemental Plasma 54) at the University of Michigan (U-M). The U-M inst~ment 
is equipped  with  an extra 30-cm energy filter for high-abundance  sensitivity measurements. 
(From Halliday et al., 1998b.) 

sua1 Basic,  rather  than  the  more  intractable  Modula 2, and the latest  instrumenta- 
tion  operates  from  Windows 95, NT, or Unix  platforms. 

We first  describe the P54 and  then outline the  ways  in  which  the  most  recent 
inst~ments differ  from  it.  Schematics for the inst~ments are  shown  in  Figs. 8.1 
to 8.6. 

The P54 is a double-focusing  forward  geometry inst~ment  equipped  with  an  array 
of mechanically  adjustable  Faraday  collectors  (Fig.  8.1).  Most of the  instrument is 
at ground,  but  the  source  and  its  associated  pumping  are  floated at high  potential. 
The ions  are  extracted at high  voltage  and  two  quadrupole dc lenses  are  used  to 
focus the ion  beam  profile  onto  the  analyzer  entrance slit (Fig. 8.1). A small elec- 
trostatic  analyzer (ESA) is then  used to provide  energy  focusing  and  match the en- 
ergy  dispersion of the plasma  source  with  that of the  magnetic  sector  analyzer,  such 
that the ions are energy-focused  in the directional focal plane at the collectors. To 
permit  effective  energy  focusing by a small  radius  (10-cm) ESA with a small  volt- 
age  offset,  the  entrance  utilizes a deceleration  lens.  The  ions are then  reaccelerated 
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after  the  ESA  with  an  exit lens. This inverts  the  image.  Therefore,  in  order  to  main- 
tain  energy  focusing at the  collector it is necessary for the analyzer  to be arranged 
with  an S configuration. 

The  magnet  pole  faces  are set at  an  angle that is non-normal to the  optic  axis, 
providing  double  dispersion  equivalent to that of a  54-cm-radius  magnet. The ex- 
tended  geometry  magnet  also  provides z focusing  and  sufficient  dispersion  to  per- 
mit  high  transmission of the ions  at  the  source  slit at a  mass  resolution of about 
400 (10%  valley  definition). The exit  pole face is adjustable  to  rotate  the  ion  beams 
and  produce  an  ion  image  perpendicular  to the optic  axis. The University of Michi- 
gan  (U-M) PS4 has  a total of 1 l Faraday  collectors  providing  true  flat-topped  peaks. 
Such  peaks,  in  which  each  mass-resolved  ion  beam is entirely  collected,  are  re- 
quired for high-precision  isotope ratio measurements.  It is also  essential  that the 
transmission  through  the  analyzer  region  and  the  detector  gains  remain  constant 
as  the  beam is scanned  across the interior of the  Faraday  detector.  Unlike  with 
TIMS,  the  instability of the ICP source  prevents  the  normal  measurement of peak 
flatness.  For  practical  purposes it is currently  specified  as  a  static  measurement  rel- 
ative  to  the  signal of another isotope measured  simultaneously  in  another  detector; 
it is to be within rk 100  ppm  over SO0 ppm of mass  change  as  the collector is moved. 
The main collector assembly  has  eight  independently  adjustable  Faraday  cups  and 
a  fixed axial Faraday cup that  can be lowered  to  allow the ion  beam  access  to  a 
Daly  detector  with  ion  counting  (Fig.  8.1). 

The U-M  instrument  also  has a wide  flight  tube  with  an off-axis high-mass 
Faraday cup for the  measurement of U at the same  time  as  Pb is measured  with the 
multiple-collector  block  (Halliday et al.,  1993). This instrument  has  been further 
equipped  with  a  second-stage  30-cm  energy  filter for enhancing  abundance  sensi- 
tivity  before  the  ion  beam  reaches  the  Daly  detector  (Fig.  8.1),  permitting  highly 
accurate  Th  isotopic  measurements  (Luo et al.,  1996,  1997). The abundance  sen- 
sitivity  (relative size of the peak  tail at l m u )  of  the  U-M  instrument  in  this  mode 
is about 0.3 ppm for Th. An additional~Faraday cup is located  beyond the Daly  de- 
tector. This rear cup is normally  only  used for alignment  purposes  because the beam 
is somewhat  defocused at this  point. 

The Nu Instruments Nu Plasma  displays  some  general  similarities to the PS4, but 
critical features are  radically  different in concept.  Most  importantly,  the  instrument 
deploys  novel  variable  dispersion  ion  optics  that are applied  to  the  ion  beams  ex- 
iting the  magnetic  analyzer,  permitting the use of  fixed  multiple  collectors  and  rapid 
peak  switching. 

Like  the  PS4, the Nu Plasma is a  forward  geometry  double-focusing  mass 
spectrometer  with double dispersion, but it has  the  standard C configuration  and 
defines  a  smaller footprint (Fig. 8.2). The instrument  has  a  source  that is similar to 
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F i ~ ~ ~ e  2 Schematic for the Nu Instruments Nu Plasma. 

that used in conventional  ICP-MS,  and the front end is fitted  with  a  water-cooled 
nickel  sampler (1 .O-m-diameter aperture)  and s k i m e r  (0*6-m-diameter aper- 
ture) cones. The extracted  4-kV  ions are accelerated imediately behind  the  skim- 
mer  and  focused  down  onto  and  through  an  intermediate  circular  aperture  (Fig. 
8.3).  This  circular image is then  matched to the  rectangular  defining slit of  the  mass 
spectro~eter, using  two  independent  (2-kV)  Einzel lenses so as to ensure minimal 
cross  talk  between the horizontal (y) and  vertical ( z )  lens actions.  Electrostatic 
beam  steering is provided  at all necessary  points to ensure the  ion  beam  stays  on 
axis  (Fig. 8.3). The i n s ~ m e n t  uses a 35-cm-radius  ESA,  followed by a  25-cm-ra- 
dius magnet; the ion optics are designed to allow full transmission of the plasma 
ions of interest with  minimal  degradation of peak  shape  quality. No deceleration 
and  reacceleration of the ions to  accomplish  energy  focusing are used  on this in- 
s ~ m e n t .  Hence, the standard C con~guration is possible  and the focused  ion  beam 
maintains 4 - k V  energy  throughout the analyzer.  Vertical (2) focusing of the  ion 
beam  through  the  mass  spectrometer is achieved  by  the  use  of  both the Einzel  lenses 
placed  in front of the  ESA  and the non-normal  exit  pole  on  the  magnet. 

Because  the spatial separation  between  ion  beams of adjacent  isotopes is 
mass  dependent,  in  nearly all magnetic  sector inst~ments it  is necessary to alter 
the  distance  between  collectors  mechanically. This is a  particular  problem for ICP 
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Figure 3 Details of the differential pumping, ion extraction, and focusing for the Nu In- 
struments Nu Plasma. 

sources,  where  the  peak  flat  can  only be measured by  moving the collectors. The 
Nu Plasma  utilizes  a  variable  dispersion  zoom  optic  device to overcome  this  prob- 
lem, enabling  the  detectors to remain  in  fixed  positions  (Fig. 8.4) (Belshaw et al., 
1998). This greatly simplifies the complexity of the detector array,  providing 
greater  reliability  and  more  serviceability.  Most  importantly, since no  moving  parts 
are  used  in the design, fast changes of inst~mental configuration  are  possible,  al- 
lowing  simple  multielement  isotopic  analysis of small  quantities of  rnixed sam- 
ples. The collectors  are  a new design of readily  replaceable  ceramic  Faraday  buck- 

Ma net Collector 
Array 

Figure 4 Zoom lens effect with the Nu I n s t ~ ~ e ~ t s  Nu Plasma. 
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ets. Twelve  Faraday  buckets  are  provided  with the i n s ~ m e n t ,  none of which is re- 
quired  to  move  because of the  use of the  zoom  ion  optics.  Unlike  with  the  P54,  or 
the Micromass  instrument  discussed  later,  the  flight  tube  does  not  need to be  par- 
ticularly  wide  because  ions of  very different  mass  can  be  deflected into the cups 
of interest.  Also  unlike the P54,  three  multipliers  with  ion  counting  can be pro- 
vided  as  an option, utilizing low-noise discrete dynode multipliers capable of 
recording  signals of greater  than 2 X 106  counts  per  second. The ions  are  deflected 
into the multipliers  by  using  electrostatic  deflectors  located  beyond  the focal plane. 
To achieve  high  abundance  sensitivity  a  small  retardation lens is added. This in- 
strument  achieves  specifications for the low-mass tail comparable to that of the 30- 
cm  energy  filter of the  P54. 

The  pumping  configuration is also  different,  with all vacuum  pumps  and  sen- 
sors operated  at  ground  potential. The extraction  and lens region is divided into 
three regions  differentially  pumped  with  three  small  turbomolecular  pumps  (Fig. 
8.3). So effective is this  arrangement  that  the  vacuum at the  second  Einzel lens has 
already  achieved  mbar.  Therefore the analyzer  region is pumped  with three 
ion  pumps  (Fig. 8.2), in  contrast to the heavy-duty  turbomolecular  pumping  used 
on  other MC-ICP-~S instruments  (Fig.  8.1).  Apart  from  the  acoustic  quietness 
with  which the inst~ment  operates, this system has the advantage  that  if  power is 
lost, the  active  surfaces still provide  pumping,  with little loss of vacuum  and  no 
risk of cont~ination. At  the  time of writing,  this i n s ~ m e n t  provides  the  most  ac- 
curate isotopic  data of all the  commercially  available  machines. 

The high  temperature of ICP sources (-7OOOK) inhibits  the  formation of molecu- 
lar interferences.  Generally,  dimers  and  simple  oxides  and  hydrides are the  most 
complex  molecules  formed.  Combinations of major  matrix  elements, the solute, 
and  components of the  plasma  support  gas, for instance,  oxygen  and  argon,  create 
the most serious spectral interferences. So, for  example, 4oAr12C+ on 52Cr+, 
40Ar14N+ on  54Fe+, 40Ar160+ on  56Fe+, 40Ar2+ on  8oSe+,  and  40Ar35C1+  on 75A~+ limit 
the applicability of the  method. The presence of such  interferences  gives rise to an 
elevated  background at the  analyte  mass  that, at best,  raises the achievable  detec- 
tion limits and,  at  worst,  renders the analyte isotope unusable.  For  this  reason  most 
~ C - ~ C P - ~ S  measurements  have  been  restricted  to  that  portion of the  mass  region 
( z  > 80) above  which  molecular  interferences  are  absent  or  negligible. 

~ i c r o ~ a s s  has developed  a p~tentially powerful new technique that elirni- 
nates  many of these  molecular  interferences  and also removes  ions  with  an  energy 
that  differs  from  that of the  analyte,  such  as  components of the Ar support  gas. This 
has  a  dramatic  effect  on the performance of the  instrument. The technique  deploys 
a  hexapole  ion  lens  (Szabo,  1986)  located  behind  the s k i m e r  cone and  surrounded 
by a  gas cell (Fig. 8.5). The hexapole  uses  a  hexagonal  array of rods  between  which 
a  400-V rf field is applied,  confining the ions of interest to  stable  trajectories  be- 
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Schematic for the Micromass hexapole lens system. 

tween  the  rods. The hexapole  array is enclosed  within a jacket into which  the  col- 
lision gas is admitted  in  the front half. By admission of small  amounts of helium 
(hydrogen,  neon,  argon,  and  xenon  have  also  been  used,  depending  on  the  elements 
of interest), the pressure  over the length of the hexapole is increased.  Collisions 
with  the  gas  break  up  molecular  species  and  dramatically  reduce  the  energy of the 
ions  to less than 1 V, “themalizing” the  ions to the energy of the gas  being  used 
(corresponding to the small  energy  spread  associated  with  the  ambient  tempera- 
ture).  This  results  in a mass  spectrum free of certain  interferences,  allowing  analy- 
sis of previously  difficult or impossible  elements at ultratrace  levels.  Argon,  being 
heavy, is an  efficient  thermalizer  and  eliminates  hydrides.  However,  He is prefer- 
able as a thermalizer for lighter elements  because  collisions  with Ar can eliminate 
these  elements  through  collisionally  induced  aberrations  in the flight  path.  Use of 
hydrogen  eliminates  noble  gases  from  the  spectrum-the  argon  ions  readily  ac- 
quire electrons from  the  hydrogen  atoms. The former  are  pumped  away; the latter 
are  eliminated  by  collisions  with  the rods. Therefore  the  use of hydrogen  provides 
the  potential  to  study  elements like selenium  and  iron by MC-ICP-MS,  whereas 
interferences  from 40Ay160+ on  56Fe+, or 40Ar2+ on  would  make  this diffi- 
cult. Other  oxides  are  difficult to eliminate with  any  of these  collision cell gases 
but  may be partially  removed  with  xenon.  For some elements,  hydrides  are  formed 
when  using  hydrogen,  and  these  elements  may be better  studied  with  other  ther- 
rnalizers. 

Micromass  has  applied  this new hexapole  technology  to a fast scanning  mag- 
netic  sector  multiple-collector  instrument  (Fig.  8.6). The source is at  ground  po- 
tential so most  of the lens  system  and  analyzer  float  at -6 kV. The ions are  ex- 
tracted into the hexapole  through a sample cone with a 1 .1-m orifice, a 0.8-mm 
orifice  skimmer  cone,  and  finally a 2-mm orifice  transfer lens held at -400 V. The 
hexapole is inclined to prevent  line-of-sight  transmission  and  damage to the  de- 
tectors  from the source. A lens  system  transfers  the  ions into the mass analyzer. 
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Schematic  for the Micromass  Iso-Plasmatrace. 

The reduction in energy  spread  means that double  focusing is u ~ e c e s s ~ .  Micro- 
mass  achieves  excellent  peak  shape  and  reproducibility  with  single  (directional) 
focusing. So the lens system is virtually identical to that  used in TIMS, accelerat- 
ing the ions t ~ o u g h  a stack that starts with an extraction  plate at -900 V and ends 
with  a  source slit at -8 kV. 

The ions  travel  along  a drift length  expanding to a z baffle  with  a  4-mm  aper- 
ture prior to entering the magnetic  field. This ensures that the ion  beam is unim- 
peded  as it expands  along  the  16-mm-high  flight  tube. The magnet is laminated for 
fast scanning  through  the entire spectrum, from mass 6 to mass 238, in 600 ms. 
The multiple-collector  hardware is sirrtilar to that of the P54 but uses a  very  wide 
(-1 1 0 - m )  flight  tube  with  a  broader  array of detectors to take  advantage of a  wide 
( ~ 0 - m )  linear focal plane  (Fig. 8.6). 

The Faraday  detectors  are  carbon  coated  metal, like the P54, but  they  have 
demonstrated  a  particularly  long life at high  performance  (Palacz et al.,  1996). 
Micromass also supplies multiple multipliers, unlike VC Elemental, However, 
these  are  small  continuous  dynode ch~neltrons, each  with  a  conversion  dynode 
and  ion  counting,  rather  than the larger discrete dynode  type  used by Nu Instru- 
ments. This is because  with  the  Micromass i n s ~ m e n t  there is no  provision for 
electrostatically  deflecting the ion  beams of interest, and  therefore the collectors 
have  to  be  closely  spaced. A total of nine  Faraday  detectors  and  eight  multipliers 
with  ion  counting  can  be  incorporated  (including  a  Daly  detector). The abundance 
sensitivity  can be improved  with  a  small  deceleration lens that should be extremely 
effective  on  this single focusing instrument. 

This i n s ~ m e n t  represents  a  potentially  exciting  development in the  field  of 
MC-ICP-MS. The hexapole  not  only  eliminates isobars, it generates  higher  sensi- 
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tivity,  a  small  energy  spread,  and  remarkably stable focusing  and  peak  shape. We 
are at  the  early  stages of learning  all the possible ra~fications for MC-ICP-~S 
provided by hexapoles. 

E l e m e ~ t ~ l  Axio 

VG Elemental  launched  another  design of  mass  spectrometer, the Axiom,  a  small 
instrument  with  extreme  dispersion,  capable of multiple  collection at variable  mass 
resolution.  Designed  by P. Marriott, the Axiom is very  compact  yet  provides  the 
difficult  combination of  very  high  mass  resolution (>10,000 when  required)  with 
a linear focal plane  suitable for multiple  collection. The Axiom is a  forward  geom- 
etry double-focusing, C c o n ~ g ~ r a t i o n   i n s ~ m e n t  with  a 77" electrostatic sec- 
tor-90"  magnetic  sector  using  non-normal incident and  exit  angles  to  achieve 580- 
mm dispersion. Unusually, the instrument is arranged  with an upright 
configuration.  As  with the P54  and Nu Plasma, the instrument  extracts the ions  at 
high  voltage (5 kV)  onto  and  through  an  extraction  electrode at ground  potential. 
"urbopumps are used  throughout the instrument to create  ultrahigh  vacuum  and to 
allow  reasonable  abundance  sensitivity. Two Einzel  lenses are used to shape  the 
trajectory of the ion  beam so that it is partially  focused  down  onto  an  adjustable 
source  slit. The gradually  diverging  beam  then enters a drift length  region in which 
it is steered,  focused,  and  slightly  shaped,  before  entering the ESA.  At  this  point 
the pressure  has  been  reduced to mbar,  As the ion  beam  passes  through  the 
magnetic  analyzer it broadens to some 15 rnrn in  the  nondispersive  plane  but fo- 
cuses down to a  very small height (1 m) at  the focal plane. This reduced  spread 
in  the z direction  allows  a  smaller collector slit height  to be used. To achieve  high 
mass  resolution,  an  adjustable collector slit is required.  For  extremely fast elec- 
trostatic  scanning  over  a  mass range of 10% A mlm, a  potential is applied to the 
rear  section of the flight  tube  itself. 

At the time of writing,  this  instrument is still under  development. A proto- 
type  has already  demonstrated the power  of the ion optics in  single-collection 
mode.  Also, the beam size has  been  measured  across  some 10% h mlm of the focal 
plane,  confirming  the 90" focal plane  and its linearity-endorsing the detailed  ion 
optical  modeling  used  in its design. The instrument is designed for rapid  high-pre- 
cision  analytical  work,  but  with the convenient  simplicity  required by the nonspe- 
cialist user. 

The t rans~ssion efficiency of MC-ICP-MS is high  relative to that of most  ICP- 
MS inst~ments (>lo8 ions secm1 ppm  indium  using  conventional  aspiration 
methods)  but is low  relative to that of TIMS. This is because the ions in the  plasma 



source  are  sampled  via a very  inefficient  assembly of skimmer  and  sample  cones, 
as in  ICP-MS.  This  “interface”  region is where  most inst~mentation development 
is clearly  needed  in the coming  years.  However,  despite the transmission  advan- 
tage of TIMS it is difficult to  obtain  high-precision  concentration  and/or  isotopic 
data for certain  elements  using  such a method  simply  because  they  are  difficult  to 
ionize.  High-precision isotopic composition  and  concentration  isotope  dilution 
(ID)  measurements of high-mass  elements  that  are  difficult  to  ionize by other  meth- 
ods are relatively s~aightforward using MC-ICE”-MS (Halliday et al.,  1995,  1997). 

One of the  elements of great  interest  to  isotope  geochemists is hafnium  (Hf) 
because of the  decay of 176Lu to 176Hf (Patchett,  1983). Of course, Hf  has a high 
first  ionization  potential (6.65 eV),  rendering it a notoriously  difficult  element  to 
measure at high  precision by TIMS.  Therefore, the measurement of  Hf isotopic 
compositions  has  received a great deal of attention  from  MC-ICP-MS  users. The 
standard  method of sample  admission  utilizes a peristaltic  pump  or free uptake (the 
Venturi  effect  in the nebulizer  and  capillary  action) to deliver  dissolved  samples to 
a pneumatic  nebulizer.  However,  desolvating  higher-efficiency  nebulizers,  such as 
the  Mistral,  marketed  by VG Elemental, or the  MCN6000,  marketed  by  Cetac  Tech- 
nologies,  yield significant (factor of >lo) increases  in  sensitivity  and  extremely 
good reproducibili~ for small  samples (<l00 ng of  Hf or W) (Walder et al., 1993b; 
Lee et al., 1997).  At  the  time of writing, the sensitivity of all the inst~ments de- 
scribed  when  using the MCN6000 is typically  in the range of 0.2% to 0.3% for Hf 
(total ions  detected  per  atom  used),  with  very  good  plasma  stability.  For  all of the 
new instruments  discussed,  the  sensitivity is being  worked on as a matter of pri- 
ority  and  improvements  are  expected  in the coming  years. 

The precision  and  reproducibility of MC-ICP-MS data are  comparable to 
those  acquired  with  modern  multiple-collector  TIMS for a similar  sized  ion  beam. 
The values  obtained by  Walder et al.  (1993a,c)  are,  within  uncertainty,  identical to 
recommended  values  and  the  accuracy of the  method is not  in  question,  provided 
there are no  interferences  (such as s6Kr  on  86Sr). This is illustrated for Hf in  Fig. 
8.7. The isotopic  composition of  Hf standards is reasonably  well  established  and 
represents  an  extremely  good starting point  in terns of establishing the power  of 
MC-ICP-MS for high-precision  isotopic meas~rements of elements  that are diffi- 
cult to  ionize.  Figure  8.7  shows  isotopic  data for the  JMC-475  standard  used by 
most  workers,  It  yields a mean  176Hf/177Hf of 0.282161 * 0.000013 (20) at the Uni- 
versity  of  Michigan  and  0.282163 it 0,000012  (20) at  Lyons  (Blichert-Toft  and  Al- 
barkde,  1997),  in  excellent  agreement  with  the  value of 0.282154 it 0.000014  now 
quoted as the best  mean  value for TIMS  measurements  (Nowell,  pers.  comm., 
1996). 

Hi~h-precision isotopic ratio measurements  with  MC-ICP-MS  have  now 
been  made  on a large  range of elements  with  high  first  ionization  potential, in- 
cluding Cu and  Zn (~lichert-Toft et al.,  1996;  Markchal et al.,  1997);  Ga  and Ge 
(Hirata,  1997); MO (Lee  and  Halliday,  199%); Ru, Pd,  and  Ag (Reh~amper and 
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7 Hafnium isotopic compositions for in-house Ames Hf standard  and interna- 
tional standard  JMC-475  as  measured  on the VC Elemental Plasma 54 (P54) at the  Uni- 
versity of Michigan. (From Halliday et al.,  1998b.) 

Halliday, 1997; Rehkamper et al., 1997a,b);  Cd  (Yi et al., 1996,  1998);  Sn  (Lee 
and  Halliday,  199%; Yi et al., 1995,  1996); Te (Lee  and  Halliday,  199%; Yi et al., 
1996,  1998); Hf (Walder et al., 1993b,c;  Godfrey et al., 1997; Ballentine et al., 
1997; Blichert-Toft et al.,  1996, 1997; Nash et al.,  1996;  Vewoot et al., 1997); W 
(Halliday et al., 1995;  Lee  and  Halliday,  1995a,b; 1996; 1997; 1998; Lee et al., 
1997); Os (T. Hirata,  pers.  comm.,  1996);  Re,  Ir,  Pt  (Rehkamper  and  Halliday, 
1997; Rehkamper et al., 1997a,b); Ti  (Rehkamper  and  Halliday,  1999);  Pb  (Walder 
and  Freedman, 1992; Walder et al., 1993c;  Walder  and  Furutu, 1993; Hirata,  1996; 
Christensen et al., 1997;  elshaw et al., 1998; RehkWper and  Halliday,  1998);  Th 
(Luo et al., 1996,  1997);  and U (Walder  and  Freedman, 1992; Taylor et al.,  1995; 
Luo et al., 1996,  1997)  (Table  8.1). 

There is a large  mass discri~nation (or “bias”) in ICP sources  reflecting  the 
tendency of heavier  ions to be  extracted  preferentially to light ions.  Precise cor- 
rection for mass bias,  which  can  be  difficult  in  ICP-MS (Ross and  Hieftje,  1991; 
Ketterer et al., 1991;  Ketterer,  1992),  seems to be relatively s t r ~ g h t f o ~ ~ d  in  MC- 
ICP-MS  (Walder  et al., 1993b;  Halliday et al., 1995; Lee  and  Halliday,  199%; Yi 
et al., 1995). We suspect  that  this is because  many  quadrupole  mass  spectrometers 
introduce  additional  artifacts  that  are  hard to distinguish  from  ionization  effects. 
The consistent  mass  bias is a highly signi~cant feature of ICP mass  spectrometers 
and  contrasts  with  TIMS,  in  which  mass disc~mination is related  to  work  function 
and,  in  some  instances,  poorly  understood  reactions  that  occur  on  the  filament dur- 
ing heating.  Thus,  in ~C-ICP-MS using a solution  containing a mixture of ele- 
ments  with  overlapping  mass  ranges,  the  mass discri~nation observed in an  ele- 
ment of known  isotopic  composition  can, in many  cases, be used to determine 
accurately  the  unknown  isotopic  composition of another  element. The effect is 
greater  with  decreasing  mass,  and  with all the MC-ICP-MS  instruments it is about 
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1% per  amu  at  Pb,  i.e.,  an order of magnitude  larger  than  with TMS. However, 
this  bias is a  relatively  simple function of absolute  mass,  following  an  exponential 
law  (Lee  and  Halliday,  1995a), and, unlike in the case of a  thermal  source, is largely 
independent of time, the chemical  properties of the element, or the admixing of 
other elements  (Russ  and  Bazan, 1987; Walder  and  Freedman,  1992;  Walder et al., 
1993~). 

There is much that remains  to be understood  about the mass  bias, its control, 
and  artifacts  that  may  be  introduced  from  the  sample  preparation  (Hirata,  1996; 
Rehkamper  and  Halliday,  1998,  1999).  However,  there is no  doubt  that the impli- 
cations of such  a  powerful  control  on  mass  discrimination are far-reaching.  Nor- 
mal  isotopic  compositions,  natural fractionations, natural  isotopic  anomalies,  and 
artificial  isotopic  enrichments  can be measured  to  higher  precision.  Elements  such 
as  Pb,  the  isotopic  composition of  which  cannot be normalized  with  internal  nor- 
malization,  can  be  corrected for mass  discrimination to high  levels of accuracy by 
admix in^ a  standard  such  as Tl of known  isotopic  composition  and  monitoring 
masses 205T1 and  203Tl  (Walder et al.,  1993c;  Hirata  1996;  Christensen et al.,  1997). 
The excellent  agreement  with  recommended  values for’NIST SRM[ 981 is shown 
in  Fig.  8.8. 

The  ability  to correct for mass  discrimination  externally  has  also  proved in- 
valuable  in the development of isotope dilution  techniques. Since the natural iso- 
topic com~osition is deliberately  changed, the use of a  proxy  element to define  the 
mass  discrimination  permits  highly accurate concentration  measurements  to  be 
made.  MC-ICP-MS is not  suitable for rapid dete~ination of the concen~ations of 
a  large range of elements  in  a single solution,  although this is incorporated  as  a 
feature of the latest fast scanning  versions.  However, ~ ~ - I C P - ~ S  is ideal for high- 
precision  isotope  dilution  analysis of separated  elements  and is very  efficient  com- 
pared  with  TIMS  (Rehkamper  and  Halliday,  1997;  Rehkamper et al.,  1997a,b; Yi 
et al., 1995,1996,1998).  The technique  development  required for separating  many 
of the  elements of interest is considerable.  Isotope  dilution data for separated  plat- 
inum  group  elements  (PGEs) and  Re, In, Sn, Te,  and Cd in basalts are highly re- 
producible  (Rehlcamper  and  Halliday,  1997;  Rehkamper et al.,  199’7a,b; Vi et al., 
1995,  1996,  1998). 

In a  similar  manner,  one is able  to  achieve  excellent  external  reproducibility 
and  precision for Th  isotopic  measurements  by  admixing  natural U of known iso- 
topic  composition  and  using  the 23812351234 ratios to calibrate the DalyFaraday 
gain  and  the  mass  discrimination  during the analysis (Lao et al., 1996,1997). These 
developments  are  described  in detail later. A further important  consequence of this 
simple  mass  discrimination is that  isobaric  interferences  such  as  87Rb  on  87Sr, 
‘“Sm on 144Nd, or 176Lu on can  be  corrected for to  higher  degrees of accu- 
racy  than  has  hitherto  been  possible  (Walder et al.,  1993c;  Halliday et al.,  1995). 
This is critical for many  laser  ablation  applications  in  which  isobaric  interferences 
cannot be removed  by  separation  techniques  (Christensen et al.,  1995). 
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Lead isotopic compositions for NIST S W  981 as  measured on the VG Ele- 
mental  Plasma 54 (P54)  at  the  University of Michigan,  using T1 correction for mass bias. 
Open dots, individual data (rt20mean) from  three ~ e a s u r e ~ e n t  sessions  over a 2-month  pe- 
riod; filled dots, our  mean (k2o and rt20mean; filled square, data from Todt et al. (1996) 
(rt20mean); filled triangle, certified  values. 

Finally,  the  simple  mass  bias is likely  to  open up a  whole  arena of previously 
intractable stable isotope geochemistry.  Everybody has known for years that there 
are  small  variations  in isotopic composition  in  all  elements that are  produced by 
combinations of kinetic and  equilibrium  processes,  especially at low  temperatures. 
For  most  elements the effects  are too small to be reliably  measured  using  conven- 
tional  mass  spectrometry.  For  low-mass  elements  that  are  commonly  involved  in 
redox  reactions  utilizing  covalency to form  a  wide  range of compounds  (e.g., C, 
0, N, S ) ,  the  isotopic  effects  are  often  large  enough to be highly  significant,  pro- 
viding  earth  scientists  with the most  powerful tool available for deducing  the  na- 
ture  and  conditions of low-temperature  processes.  With all such  “stable  isotope” 
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measurements  the  ability  to  resolve  small  isotopic  variations is limited, in  part,  by 
the  need to correct for mass  discrimination  and  mass  fractionation  during  the  course 
of the  analysis,  normally by alternating the sample  with  a  standard of known  com- 
position.  Natural  isotopic  fractionations  among  heavy  elements  are  typically  too 
small to measure  with  such  techniques.  However,  Mar6chal et al.  (1997),  using 
MC-ICP-MS,  report  success  with  the  measurement of natural frac~ionations in  Cu 
isotopic  compositions  using  Zn to correct for i n s t ~ m e n t ~  mass  bias,  and  vice 
versa.  Similarly, it appears  possible  to  measure  natural  Ga  isotopic  variations  in 
meteorites  by  monitoring  instrumental  mass  bias  using  admixed  Ge  (Hirata  1997). 
Recently, the natural  isotopic  variations  in T1 produced by mass-dependent frac- 
tionation  have  been  measured by admixing  Pb of known  isotopic  composition 
( R e ~ ~ p e r  and  Halliday,  1999). 

Many  of the  problems  associated  with  ICP-MS  are  not  relevant  to  MC-ICP- 
MS.  Most  solution  work is performed  on  reasonably  pure  solutes of separated  trace 
elements, so artifacts  associated  with  the  level of total  dissolved  solids  (Williams 
and  Gray,  1988)  are  negligible.  Plasma  instability  problems  (Begley  and Sharp, 
1994)  are  not so much of a  concern  with  MC-ICP-MS  because of the use of static 
multiple  collection. The effects of plasma  instability  therefore  largely  cancel out. 
The  most  recent inst~ments (notably  the  Micromass  instrument)  are  extremely 
stable,  especially  when  used  in  conjunction  with  the  MCN-6000,  Polyatomic  ion 
interferences  (Date et al.,  1987;  Gray  and  Williams, 1987; Marshall  and  Franks, 
1990) are only of concern  below  about  mass 80 and  most  applications of MC-ICP- 
MS are  used for studying  higher  masses. The contributions of hydrides  and  oxides 
are  negligible  because  a dry plasma is used, either in laser ablation  mode  or  with 
a  desolvating  nebulizer.  Use of adjustable  high  resolution,  as  on all the latest in- 
struments, makes it possible  to see which  interferences  may  be  present.  Use of the 
hexapole  collision cell, as  on  the  Micromass  instrument,  provides  a  means  to  elim- 
inate  many of them  altogether. 

Problems  with internal standar~zation and  calibration of signal intensities 
for concentration  measurements  with  ICP-MS  (Walsh,  1992)  are  irrelevant  to  MC- 
ICP-MS  because  most  applications  are  concerned  with  isotopic  compositions  and 
isotope  dilution  measurements  (Lee  and  Halliday,  1995b; Yi et al.,  1995).  Internal 
standar~zation is only of significance  in  the  application of laser  ablation  tech- 
niques to the measurement of paren~daughter ratios by MC-ICP-MS.  Work  has 
started in this area  (Halliday et al.,  1998a),  and  though the results of the first  ex- 
periments  are  encouraging,  they  mandate a great  deal of further effort. 

The potential  range of application of  MC-ICP-MS is enormous.  Reviews of some 
of the geochemical  applications  can be found in Halliday et al.  (1998b).  Here we 
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merely  highlight  three  very  different  areas of research  that illustrate the  power of 
this  method. 

MC-ICP-MS  opens  up  a  variety of  new fields  relating to the  basic  ability to meas- 
ure  precisely  isotopic  compositions of elements  with  high  first  ionization  poten- 
tial at  high  sensitivity. A good  example of this is found  in the element  tungsten 
(W). The time  scales  over  which  inner  solar  system  planets  and  planetesimals  ac- 
creted  and  differentiated  are  unclear  because the isotopic  systems of many  mete- 
orites  are  disturbed  and  the  more  robust  long-lived  chronometers  (such  as  U-Pb) 
provide  inadequate  temporal  resolution.  Radionuclides  with  half-lives on the order 
of  106-108 years  can  provide  unparalleled  insights into the earliest history of the 
solar system  and  the  nature of the nucleosynthetic  events  that  contributed  material 
to the  molecular  cloud  that  collapsed  to  form the solar  nebula.  Variations  in iso- 
topic  abundances in daughter  elements  in  many  meteorites  are  a  function of the 
paren~daughter element  ratio, the time at which  the  object  formed,  and  the  abun- 
dance of the  radionuclide at the start of the  solar  system  (Reynolds, 1960; Lee et 
al., 1977; Kelly  and  Wasserburg,  1978;  Birck  and  All&gre,  1988). 

The 182Hf-182W  chronometer  (half-life = 9  Myr) is particularly  powerful for 
constraining  the  time  scales of accretion  and metausilicate differentiation  (such  as 
core formation)  in  planets  and  planetesimals  (Harper et al.,  1991  a;  Lee  and  Hall- 
iday,  199Sb,  1996,  1997;  Halliday et al.,  1996) for the  following  reasons:  Both Hf 
and W are  highly  refractory  elements  and  thus are expected to occur  in  average 
solar  system (= chondritic)  proportions in much  of  the solar system.  The  effects of 
the strong  heating  within  the  circumstellar  disk from friction, accretion, or the T- 
tauri stage of the sun, all of which  may  have  driven  off the volatile  elements  from 
the  inner solar system,  should be negligible.  Therefore,  we  can  make  reasonable 
assumptions  about  the  approximate paren~daughter refractory  element  ratios of 
planets.  However, Hf substitutes into silicates, whereas W prefers to substitute into 
metals  and  metallic  liquids. So the H f N  ratio of silicate  phases is much  higher 
than  that of coexisting  metals. If such  segregation of metal  from silicate occurred 
during  the lifetime of  182Hf,  the  isotopic  abundance of  182W  would  eventually be 
greater  in the silicate with  high H f N  but be low  in  the  metal  with  low HfN,  rel- 
ative to that  found  in undi~erentiated chondritic  material. The mag~tude of  such 
an  effect  in  terrestrial W can be used  to  place  constraints on the age of the  earth's 
core (Lee  and  Halliday,  199Sb;  Halliday et al.,  1996;  Harper  and  Jacobsen, 1996; 
Jacobsen  and  Harper,  1996). In a  similar  manner,  the W isotopic  compositions of 
meteorites  thought  to be derived  from  the  asteroid belt, Martian  meteorites,  and 
lunar samples  can  be  used  to  constrain  when  their  parent  planets  and  planetesimals 
accreted,  melted,  and  differentiated into silicate/metallic  portions  (Halliday et al., 
1996;  Lee  and  Halliday,  1996,  1997;  Lee et al.,  1997). 
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The problem  with  this  technique  and  the  reason  why it has  been so slow to 
develop is that it is extremely difficult to measure W isotopic  compositions  by 
TIMS  because of the  very  high  first  ionization  potential  (7.98  eV).  Negative  ion 
techniques  have  met  with  some  success  (Volkening et al., 1991; Harper et al., 
199 la; Harper  and  Jacobsen, 1996; Jacobsen  and  Harper,  1996).  However, W iso- 
topic  compositions  can  be  measured  relatively  easily  by  using  MC-ICP-MS  (Hal- 
liday et al.,  1995;  Lee  and  Halliday,  1995a,b,  1996,  1997;  Lee et al.,  1997). 

The W isotopic  compositions of various  terrestrial  samples,  chondrites, iron 
meteorites,  basaltic  achondrites,  lunar  samples,  and  Martian  meteorites  are  ex- 
pressed  as  deviations  in  parts  per lo4 from the value for the silicate earth  (such  as 
the W in  a drill bit or chisel), which  are  the  same  as  those of average  solar  system 
materials,  represented by carbonaceous  chondrites.  These  values  are  summarized 
in  Fig. 8.9, from which it can  be  seen  that  early  segregated  metals  such  as the iron 
meteorites  and  metals from ordinary  chondrites  have  only  unradiogenic W because 
they  formed  early  with  low HfNV. The time  differences  between  metal  objects  seg- 
regated  from  parents  with  chondritic HfNV are revealed by the  differences  in W 
isotopic  compositions  between  each of the  metal  objects  and  chondrites. The Hf- 
W model  ages of all these  metals  indicate  that  all of their  parent  bodies  formed 
within  a  few  xnillion  years,  implying  rapid  accretion  in the early history of the solar 
system. 

Eucrites  are  derived  from the silicate portions of differentiated  bodies,  in  this 
case  usually  considered to be Asteroid 4. Vesta.  Two  such  eucrites  yield  exceed- 
ingly  radiogenic W with E, of +22 and +33, respectively  (Fig. 8,9), correlating 
with  high H f N  (Lee  and  Halliday,  1997).  These  measurements of excess 18'W are 
also  explained  by  differentiation of the meteorite  parent  bodies  during  the  lifetime 
of 182Hf,  and the W is radiogenic  because of high HfNV ratios.  Hf-W  model  ages 
for such  silicate  rocks  can  be  calculated  from the differences 
W isotopic  compositions  between the samples  and  primitive ch 
The two  eucrites  yield  very  similar  model  ages of about  8  to l 
of the  solar  system. Such early  ages of differentiation  are  broadly  consistent  with 
studies of other  short-lived  chronometers  including  6oFe-60Ni  and  53Mn-53Cr for 
various  eucrites  (Shukolyukov  and  Lugmair,  1993a,b;  Lugmair et al.,  1994). The 
absolute  ages of many  eucrites  have  yielded  much  younger,  almost  certainly erro- 
neous  results,  using  long-lived  chronometers  such  as  U-Pb  (Wadhwa  and  Lugmair, 
1996; Caler and  Lugmair,  1996). 

Therefore  these  data for the short-lived  chronometer  Hf-W  provide  a  con- 
sistent  picture of rapid  accretion,  equilibration,  and  planetesimal  differentiation in 
the  early  solar  system  with  only  small ( 106-year)  time  differences  resolvable  be- 
tween  some  events for the parent  bodies of chondrites,  basaltic  achondrites,  and 
iron  meteorites. 

The W isotopic  compositions of Martian  meteorites  range  from chon~it ic  
to slightly  radiogenic (E, = 0 to +3) relative  to  the  mean of carbonaceous  chon- 
drites  (Fig.  8.9)  (Lee  and  Halliday,  1997). The W isotopic  compositions of these 
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Tungsten isotopic compositions for terrestrial standards, meteorites, and lunar 
samples expressed as deviations in parts/104 from the mean for NIST SRM: 3 163, as meas- 
ured by multiple-collector inductively  coupled plasma mass spectrometry ( ~ C - I C ~ - ~ ~ ) .  
(From Halliday et al., 1998b.) 
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meteorites reflect the earliest history of their Martian  mantle  source regions, 
whereas the measured H f N  ratios are  dominated by the effects of subsequent  par- 
tial  melting,  which  in  most  cases is relatively  recent. A H f N  elemental  ratio of  -3 
is typical for the  Martian  mantle  (Treiman,  1986).  Given  these  low H f N  ratios the 
meteorites  with  radiogenic W, such  as NaUla, must  have  formed  from  reservoirs 
that  originally  differentiated  within  the  first 10 Myr of the  solar  system. So the for- 
mation  and  differentiation of Mars also appear to be  early and rapid. 

The silicate earth would  be  expected to have  excess 182W if  terrestrial core 
formation  were  early.  Lee  and  Halliday  (1995b)  used  MC-ICP-MS to show  that 
the W isotopic  composition of the silicate earth, far from  being  high  because of 
early core f o ~ a t i o n ,  is identical within  analytical  uncertainties to that of the car- 
bonaceous chondrites Allende  and  Murchison.  The most recent carbonaceous 
c h o n ~ t e  W isotopic measurements  (Lee  and  Halliday,  1996) now have  an  uncer- 
tainty of just ~ 0 . 5  E,, resulting  in  a  mean of -0.17 A 0.29 E, (Fig.  8.9). That is, 
the W isotopic composition of the silicate earth is now established  to  be  identical 
to that of carbonaceous  chondrites to very  high  precision.  Using  a  simple  two-stage 
model, core f o ~ a t i o n  on earth, must  postdate  iron  meteorites by 50 Myr,  unless 
accretion  was  slower  than  previously  considered  (Halliday et al. 1996). 

Finally,  we can determine  the  age of the moon  with this chronometer. The 
W isotopic  compositions  and H f N  ratios of various lunar samples  are  shown in 
Fig.  8.9  and  display  variably  radiogenic W (E, = 0 to +6) (Lee et al.,  1997). The 
moon is thought to have  formed in a collision between the early  earth  and  a  planet 
at least the size of Mars. It is difficult to imagine that  such W isotopic heterogeneity 
could  have  been i ~ e ~ t e d  as  debris from earlier planets,  given  the  enormous  en- 
ergy,  high  temperature  and  subsequent  planetwide  differentiation  associated  with 
its birth. It is more  likely  that the radiogenic  effects  were  generated  by  decay  within 
the moon  itself. The moon  formed  with  high H f N  but  then differentiated to pro- 
duce some  mantle  reservoirs  with  extremely  high H f N .  The W isotopic  effects  are 
small  given  these H f N  ratios, indicating that the moon  formed  much later than 
Mars  or  the eucrite parent  body. The Hf-W  model  ages for the  moon cluster around 
4.52-4.50 Ga  (Lee et al., 199’7), in  perfect  agreement  with,  but  at the upper limit 
of, existing  minimum  age  constraints of the moon  (Carlson  and  Lugmair, 1988; 
Shih et al.,  1993; Lee and  Halliday,  1995b;  Halliday et al.,  1996). 

So the ability to measure W isotopic  compositions  with  MC-ICP-MS  has  im- 
mediately  opened up exciting new scientific opportu~ties of broad  significance. 
In  a  similar  manner the technique  could  be  used to develop other chronometers of 
early solar system  evolution,  previously in~actable. 

An  obvious  area of application of MC-ICP-MS  relevant to the nuclear  industry is 
in  the  rapid  measurement of U enrichment  and the isotopic  compositions of  fission 
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products  (Taylor et al.,  1995). Some of these  measurements  need  not be very  pre- 
cise,  but the throughput  of  the i n s ~ m e n t  at high  sensitivity is striking. A more  de- 
manding  use is high-sensitivity  U-Th  disequilibrium  dating,  and  in this area  MC- 
ICP-MS  promises to be extremely  eEective. Precise determination  of  the  isotopic 
compositions of daughter  nuclides  from  the U and  Th  decay series is difficult but 
is of great  importance  in  areas  such  as  environmental  and earth sciences. The time 
scales of various  geological  processes  such  as  melt  production,  migration,  and 
magma  chamber  storage  (McKenzie,  1985;  Condomines et al., 1988; Cohen  and 
O'Nions, 1993;  Spiegelman  and Elliott, 1993; Qin, 1993;  Iwamori,  1994),  and  re- 
cent geological  events  such  as  the last interglacial  periods  (Edwards et al.,  1987; 
Bard et al., 1990; Ivanovich  and  Harmon, 1992; Ludwig et al., 1992; Stirling et al., 
1995),  are  comparable to the  half-lives of several  intermediate  nuclides from the 
U and Th decay  series,  e.g.,  234U (T,/2 -0.245 myr),  23@I'h - 75 kyr),  231Pa(7"1/2 
CJ 33 kyr)  and  226Ra  1.6  kyr),  but  are either too  long or inappropriate for I4C 

CJ 5.7  kyr)  dating, or too short to be precisely  determined  by  some of the  long- 
lived  chronometers. 

The a-particle counting  method  has  been  widely  used  in  U-Th  disequilib- 
rium series studies  (Vdovenko  and  Dubasov? 1974; Ivanovich  and  Harmon,  1992). 
However,  recent  developments  in  TIMS  have  greatly  improved the analytical  pre- 
cision  and  sample size requirements  (Chen et al., 1986; Edwards et al.,  1987).  Cer- 
tain  samples  that  could  not  be  dated  with a counting  can  now be measured  pre- 
cisely. The use of electrostatic filters  or  deceleration lenses has greatly  improved 
the abundance  sensitivity of TIMS  (Cohen et al.,  1992), so that ratios of  10-s--10"6 
for 230Th1232Th can  now  be  accurately  measured. 

Despite the advantages of TIMS  over a counting,  the  very  high  first  ioniza- 
tion  potential of Th (-6.97 eV)  can still present  a  problem of low  ionization  effi- 
ciency.  In  general,  the  ionization  efficiency for Th by TIMS is inversely  propor- 
tional  to  the  amount of material  (Th)  used; the more Th on the filament,  the  lower 
the  ionization  efficiency.  High  sensitivities  (of  the  order of 1 %) have  been  reported 
by  TIMS for carbonates  with  very little 232Th. However, silicate samples,  Fe-Mn 
oxyhydroxides,  and  certain  carbonates  with  high  232Th  pose  more of a  problem  in 
terms of the signal sizes of  230Th  that  can  be  measured.  Ion  beam  sizes for 23@I'h 
of a  few  hundred counts per  second or even  worse  may  severely  limit  the  analyti- 
cal  uncertainty.  Sensitivity  aside,  with  high- 232Tp30Th samples there are at least 
three further advantages to using  MC-ICP-MS. One can  correct for (FaradayDaly) 
gain  more  precisely,  measure  mass  discrimination  reliably,  and  simply  use  a  more 
concentrated  solution to get  a  larger  signal. Such U and  Th  isotopic ~easurements 
have  now  been  developed  by  using  a  30-cm  energy  filter to improve  abundance 
sensitivity  and  a  Daly  detector  with  ion  counting  (Luo et al.,  1996,  1997). 

Isotopic meas~ements of U standards  using  MC-ICP-MS  have  been  previ- 
ously  reported by  Walder  and  Freedman  (1992)  and  Taylor et al.  (1995)  (Table  8.1). 
For U isotopic  analysis  the  relative FaradayDaly gain  can be best  determined  by 
measuring 235U in  both  detectors. The U separated  from  a  Table  Mountain Latite 
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3 
High-precision U isotopic compositions of NIST SRM 960, as  measured by 

thermal ionization mass  Spectrometry (TIMS) and ~ultiple-collector inductively coupled 
plasma  mass  spectrometry (MC-ICP-MS). (From Halliday et al., 1998b.) 

L #2) is used  as  our  in-house  standard,  which  has  been  calibrated  independ- 
by Williams et al.  (1992). The isotopic  composition of the U standard  NIST 

SRM-960  has  been  measured by both  TIMS  and  MC-ICP-MS at U-M,  and  the  re- 
sults are  presented in Fig.  8.10,  along  with the published  TIMS  results  from  other 
laboratories for comparison. The analytical  precision of 234Up38U (2 CS) for a  t - 
ical  MC-ICP-MS  analysis is about  1 6 unit,  comparable to that of the  best  T 
measurements;  however,  the  external  reproducibility for the  MC-ICP-MS  appears 
to be  much  better  (Fig.  8.10). The MC-ICP-MS  measurements  give  a  mean  6234U 
of - 34.0 1: 1.1 ( 2 0 ~ )  for the NIST SM-960, which is identical  to the TIMS  re- 
sults of -34.4 * 2.9 ( 2 ~ ~ ) .  Our  mean  value of ~C-ICP-MS is also consistent  and 
among the best in terms of both  internal  and  external  precision ( 2 ~ ~ , , )  compared 
to the data reported  from  other  laboratories  (Fig.  8.  10). 

To measure  Th at high  precision  using  the  P54  we  admix  U,  separated from 
the  same  sample for which the 234U1238U is already  known.  Each measure~ent 
cycle  then  involves  a  combination of static  analyses.  The 230Tf132Th ratio is  meas- 
ured  with  Daly  and  Faraday  detectors, the p r e d e t e ~ n e d  234Up35U ratio of ad- 
mixed U of  known  isotopic  composition is used  to  monitor  the DalyBaraday gain 
during  the  course of the  analysis,  and  the  238U/235U ratio is measured on Faraday 
detectors for d e t e ~ n i n ~  mass  discrimination. The amount of time  spent  moni- 
toring  the drift in the gain  and  mass discri~nation is kept  small  relative to the  time 
spent  measuring  the l% masses. This technique relies on the assumption  that  the 
difference  in  Dalymaraday  gain  between U and  Th is negligible,  as  appears  to  be 
the case.  Our  resultant 230Tf132Th measurements of the  Table  mount^^ Latite 
(TML, jar a) are  extremely  precise,  reproducible,  and  within  uncertainty of pre- 
viously  reported data (Williams et al.,  1992)  (Fig. 8.1 1). The analytical  precision 
is typically  about  2%0 (20) for the MC-ICP-MS  measurements,  which is a factor 
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S (activity ratios) for the silicate rock 
standard Table Mountain Latite, as measured by thermal ionization mass spectrometry 
(TMS) and multiple-collector inductively coupled plasma mass  spectrometry (MC-XCP- 
MS). (From Halliday et al., 1998b.) 

of 2 better  than  that of most  Th  isotopic  measurements  by  TIMS  (Fig.  8.11).  Per- 
haps  the  biggest  improvement is in the external  precision,  which is better  than  the 
internal precision,  an  effect  not  commonly  observed  in  TIMS measure~ent. This 
is thought to be due to the  simultaneous  corrections for mass  fractionation  and  rel- 
ative  gain  between  Faraday  and  Daly  detectors  during  the  course of the isotopic 
analysis. 

A number of papers  have  discussed the use of a Nd-YAG infrared  laser  with  MC- 
ICP-MS  (Walder et al.,  1993a;  Christensen et al.,  1995;  Halliday et al., 1995,1998a; 
Thirlwall  and  Walder,  1995).  MC-ICP-MS cannot be  used for analyzing  a  very 
broad  range of elements  simultaneously by laser ablation.  However, laser ablation 
MC-ICP-MS  can  provide  extremely  accurate isotopic ratios  in  situ  (Table 8.2). Fur- 
thermore,  elemental  ratios  measured in situ  over  a  restricted  mass  range  are  more 
precise  than is possible  with  ICP-MS  and  the  opportunity  exists  to  characterize  and 
overcome the artifacts  associated  with laser ablation  with  greater  confidence.  Sam- 
ple  preparation is very  simple,  requiring  only  that  a  sample  fit  in  the  sample  cham- 
ber,  fall  a  minimum  distance  below the top of the  sample cell, and be fairly  flat. 
No polishing of the  sample is required  unless  desired to observe  textures  better. 

The Nd-YAG infrared  laser  beam  can be focused  down  to -.l0 pm,  produc- 
ing  a  rnicroplasma from the  sample  and  the  carrier  gas (h) that  ablates  the  sam- 
ple  surface. The laser can  be  operated in two  different  modes  with  repetitive  fir- 
ing: high magni~cation that produces a pit diameter of 20-40 pm,  and low 
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Comparison  of  Isotopic  Compositions  Measured  by  Laser  Ablation  Multiple- 
Collector  Inductively  Coupled  Plasma  Mass  Spectrometry  and  Those  Measured  by  Other 
Methods 

Element  Ratio  Measured Reco~ended Comments  Reference 

S~ontium 87186  0.7031  1 t 2  0.703  12 t 2 

87186  0.70918 t 2  0.70917 t 1 
Hafnium  1781177  1.4671 t 5  1.4671 rt: 1 

C24  1  Feldspar 
megacryst 

Whelk  carbonate 
Zircon  megacryst 

Tungsten  1821183 1.8470 t 2 1.8470 t l a  

1841183 2.1458 t 6 2.1456 t l a  

Lead  2061204 17.05 t 2 17.05 t 1 
2071204 15.51 t 2 15.51 rt: 1 
2081204 36.95 rt 4 36.99 t 2 

NIST SIW 61  1 
glass 

glass 
NIST SRM 610 

Christensen  et  al., 
1995 

Thirlwall  and 
Walder,  1995 

Halliday  et  al., 
1995 

Walder  et  al., 
1993a 

aNormalization  differs  from  that  reported  in  Table 8.1. 

magni~cation that  produces a pit  diameter of about 150-300  pm. The ablated s m -  
ple  material is carried  directly to the  plasma  source by a -l-L/min flow  of h. The 
exact  sample  material  to  be  ablated is observable at the  time of the  experiment by 
using a microscope  on line to a camera  and  monitor  and  can be viewed  with  trans- 
mitted  (plane or polarized)  or  reflected  light. Two modes of sampling  have  been 
utilized  with the infrared  laser. One involves  several  laser  shots  lasting a few  sec- 
onds  in different spots on  the  surface  (Walder et al.,  1993a). The number of Pb  ions 
detected  per  number of Pb  atoms  ablated  in  NIST SRM 610 glass has  been  shown 
to be as high as 1  in 450 in  this  mode  (Walder et al.,  1993a). This current se~sitiv- 
ity in ions/pp~unit  volume is comparable to that  achieved  with a SMS instru- 
ment  such as the  sensitive  high-resolution  micro  probe ( S ~ I ~ P )  (Compston et 
al.,  1982). The second  involves  continuous data acquisition  from a single spot  over 
several  minutes  (Halliday et al., 1995; Christensen et al.,  1995).  This  achieves  very 
high  stability  and  precision  because the microplasma  responsible for the ablation 
at the sample  surface is not  strongly  dependent  on laser focusing.  However,  the 
sensitivity is worse  (Christensen et al.,  1995). The reason  better  precisions  are 
achievable  by ~ C - I C ~ - ~ S  than  by SMS despite  poorer  sensitivity is that  laser 
ablation  excavates a far greater  volume of material  per  unit  time  to  produce  an  ion 
current  that  can  be  measured by simultaneous  multiple  Faraday  collection. 

It is necessary  to  remove the effects of isobaric  interferences  such as 87Rb 
m on  144Nd  (although  145Nd  could be used  instead),  and I7%u on 176Hf 

accurately.  It  has  already  been  shown  that,  because of the  similarity in mass dis- 
crimination  between  elements of similar  mass  in  an ICP source,  the  isotopic  com- 
position of  Hf can be  determined  to  high  precision in a mixture of Lu and Hf, even 
with a Lu/Hf  ratio of 0.5 (Walder et al., 1993~). Similarly, Nd isotopic  composi- 
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tions  can be determined to high  precision  in  mixtures of Sm and Nd  (Walder et al., 
1993c;  Halliday et al,  1995).  Christensen et al. (1995)  extended  this  approach to 
the analysis of Sr isotopic compositions  in  situ, for which it is necessary to correct 
for the interference of  s7Rb on 87Sr  and 86Kr on 86Sr. It has  been  clearly  demon- 
strated  that in situ laser ablation  sampling  and  analysis  with  an  MC-ICP-MS  are 
capable of accurate and  precise  measurement of Sr isotopic  compositions in geo- 
logical  materials  (Christensen et al.,  1995). The data  are  very  reproducible  and 
memory  effects  have  been  shown to be negligible.  Similarly  Halliday et al.  (1995) 
and  Thirlwall  and  Walder (1 995)  have  shown that W and Hf isotopic  compositions 
can  be  measured to high  precision  in  situ  with  a Nd-YAG laser. 

For  Pb  isotopic  measurements  the data can  be  corrected for mass  discrimi- 
nation by using Tl isotopes (masses  205  and  203)  (Ketterer et al.,  1991).  Isobaric 
interferences  (such  as  from  Hg)  can  also be corrected for very  precisely.  There- 
fore, the Pb  isotope data produced for NIST  glass  standards  SRM 610 and 61 1  and 
acquired  by  using  a  pulsed  Nd-YAG laser and  MC-ICP-MS are superior  in  preci- 
sion  to  SIMS  results  (Walder et al.,  1993a). The correction for mass  bias in low Tl 
materials  may  be  achievable  by  admitting  a suitable T1 compound into the source 
during  analysis by using  a dual inlet.  Although  most of the  mass  spectrum is ana- 
lyzed by static multiple  collection on Faraday detectors, smaller-intensity  isotopes 
(e.g.,  2MPb in radiogenic  Pb)  can be measured on a  Daly  detector  with  ion  count- 
ing. New high-precision  laser  ablation  Pb isotopic data for NIST  glasses  (Chris- 
tensen et al., 1997; Halliday et al.,  1998a)  are  well  within  the  uncertainty of  pre- 
vious  (less  precise)  MC-ICP-MS, TIMS, and SIMS data  (Walder et al.,  1993a). 

In order to acquire  high-precision  isotopic data, even from samples  with 
more  than  1000  ppm of the  element of interest,  the  sample  utilization  with the Q- 
switched Nd-YAG laser operating in the infrared is at the borderline of what can 
be achieved  with  microdrilling  and  conventional  mass  spectrometry  (Feldstein et 
al.,  1994). This is because  a  large signal (>10"l2 A) for each isotope of interest, 
sustained  over  several  minutes, is necessary to overcome  the  noise  limitations of 
Faraday  detectors. More recently,  an ul~aviolet-wavelength laser (a frequency- 
q u a ~ p l e d  Nd-YAG laser)  has  been  used on the U-M instrument  (Christensen et 
al.,  1996, 1997; Halliday et al.,  1998a). This allows  much  smaller  spot  sizes,  elim- 
inates heating of the  surrounding  sample,  and,  because of smaller particle size,  pro- 
duces  greater  ionization  efficiency  within the plasma. The laser can be focused 
down  to 60 pm (a  minimum of 10 pm with  an aperture in place),  allowing  fine- 
scale computer-con~olled rastering  and  very  precise isotopic ratios for specific 
growth  zones  in  minerals.  Much of the work on unknowns  should be possible  using 
thin  sections,  cut  slightly  thicker  than  normal 50-100 pm).  These can be separately 
studied  using  other  instruments  such  as  a  petrographic  microscope,  an  electron 
probe,  or  a  fluid  inclusion  stage. 

An ideal  application of laser  ablation  MC-ICP-MS is the  analysis of ferro- 
manganese crusts from the ocean  floor. The isotopic composition of Pb in the 
oceans  should be sensitive to changes  in  ocean  current  patterns  and  sources.  Fe- 
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Mn crusts grow  slowly  over  millions of years,  sequestering  high  concentrations of 
Pb  and  providing  a  long-term  record of such  changes  (Christensen et al.,  1997). 
The analysis of Fe-Mn  crusts for Pb isotopic  composition  using laser ablation  MC- 
ICP-MS has been  employed  to  produce  a  record of Pb contributions  to  the  central 
Pacific  Ocean  (Christensen et al.,  1997). 

For  these  analyses, the ultraviolet (UV) laser is set at  a 60-pm spot size and 
moved  by  computer  control to raster out  a 100-pm X 150-pm area  that is 4 0 0  pm 
deep after 5 min of analysis.  Mass  fractionation of Pb  isotopic ratios can  be cor- 
rected by monitoring 203TP05Tl (there is sufficient  natural TI for this  in  the  sam- 
ple).  202Hg is monitored  to  make  a  correction to mass  204.  Typically  the  calculated 
204Hg  signal is -1%  of the  204Pb  signal. TWb and UPb  ratios  can also be  meas- 
ured.  For  a  single  5-min  analysis,  approximately  25  pg of material is ablated  from 
the crust,  representing -30 ng  of  Pb. 

Although  very-high-quality  Pb  isotopic  data  could  be  obtained  with  careful 
milling  and  conventional  analysis  (Burton et al.,  1997;  Ling et al., 1996; Abou- 
chami et al.,  1997), once MC-ICP-MS  methods  are  established,  one is able  to ac- 
quire a considerable  quantity of data in just a  few  weeks.  For  the  5-min  analyses, 
the average  in-run  precisions  are  *0.09% for 206Pbp04Pb, 207Pbf2~Pb, 208Pb/204Pb; 
10.02% for 207Pb(L06Pb;  and *0.03% for 208Pbf206Pb  and  compare  well  with  those 
of conventional analyses. For  longer analysis times, better precisions can  be 
achieved,  but  with  some  loss of spatial resolution. 

Prior to making  such  measurements  the  P54 is tuned,  using  a  desolvating 
nebulizer  with  a  solution of  NIST S W  98 1  Pb  and  TI. The quality of the  laser  ab- 
lation  measurements is then  checked by analyzing  NIST SRM 61 1  glass.  This  op- 
eration is facilitated  with  a  dual-inlet  system,  allowing for rapid  switching from 
nebulizer to laser without  shutting  down  the  plasma,  which  may  affect the mass 
spectrometer focal parameters. 

The variations  in  207Pb/206Pb  and  20sPb/206Pb  along  the  traverses  are  dis- 
played in a  stacked  series of diagrams for two  Pacific  Fe-Mn crusts in Fig.  8.12. 
Also  shown  are  the  results  of the conventional  Pb  isotopic  analyses for one. There 
is very  good  agreement  between the two  methods.  During  analysis of the  traverse, 
some  previously  analyzed  stratigraphic  positions  were  replicated  (Fig.  8.12).  One 
can also return to intermediate  positions  and  produce  analyses  that  are  consistent 
with  the  adjacent  analyses.  Ray-to-day  reproducibility  has also been  demonstrated. 
There are resolvable  spatial  variations in Pb  isotopic  composition  along  the  tra- 
verse  that  are  especially  striking for 207Pbf206Pb  and  208Pb/206Pb  (Fig.  8.12). 

Using  the 'OBe linear  growth  rates for these  crusts  (Ling et al.,  1996),  the 
variations  can be "remapped"  as  a  Pb  isotope  stratigraphy  (Fig.  8.13).  Also  shown 
are  the 6180 values of benthic  foraminifera  (Miller et al.,  1987)  and  the  sea-level 

aq et al.,  1987). It can  be  seen  that  over  much of the period  the  tempera- 
ture  record is matched by changes  in 6180. We are still at the early  stages of ac- 
quiring  extensive  amounts of such  data for the  world's  oceans,  but  the  signal is suf- 
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Lead isotopic compositions of two central Pacific  Fe-Mn crusts as a function 
of depth. (From Christensen et al., 199’7.) 
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Figure 13 Lead isotopic compositions  from Fig. 12  mapped  onto an absolute  time scale 
by  using  loBe  growth  rates.  (From  Christensen et al., 1997.) 
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ficiently clear and intriguing that it is evident  that  monitoring  the  source of Pb  with 
this  approach is providing i n f o ~ a t i o n  about  changes  in  ocean  circulation  that  are 
related to climate  change,  although  not  necessarily  in  a  simple  manner (C~s tensen  
et al.,  1997). 

The most  difficult  aspect of laser ablation  MC-ICP-MS is the  precise  meas- 
urement of trace element ratios, such  as pareddaughter ratios for geochronology 
in  situ, at the same time as the isotopic  compositions  are  determined.  Although  the 
P54 is ideally  suited for measuring UPb, RbISr, S m d ,  and LuMf ratios at the 
same  time  as Pb, Sr,  Nd,  and Hf isotopic  compositions  are  determined,  and  ana- 
lytical artifacts  can  be  evaluated  more  easily  than  with  ICP-MS, it is important to 
characterize  actiona at ion effects  generated  in  both the plasma  and  the laser abla- 
tion  process.  Obviously,  solution  aspiration  may  introduce its own  artifacts  rela- 
tive to laser ablation,  but  demonstrating  that  the trace element ratio of  an  unknown 
can be predicted to high  precision by comparison  with  a  solution of known  com- 
position,  when  run  under the same  conditions, is an  important  prerequisite to de- 
convolving  artifacts from matrix  effects  and laser ablation  fractionation. We have 
assessed  Rb/Sr  and UPb measurements in solution  without isotope dilution, with 
this  in  mind  (Halliday et al.,  1995). The results convincingly  demonstrate  that,  in 
the  case of simple  solutions, the U/Pb  and  Rb/Sr  ratios  of  an  unknown  can  be de- 
termined from the measuredltrue ratio of a  known.  Hence, in situ micros~pl ing 
with the simultaneous  measurement of both  Pb isotopic composition  and UPb may 
be possible  by  comparing  with  a  standard  of  known UPb, without  even  a  mass 
bias  correction, if matrix  effects  from the laser ablation  and  plasma  can  be  mini- 
mized  or  corrected  for. 

As  a  follow-up to these  experiments, the UPb ratios  have  been  measured  by 
using  MC-ICP-MS  NIST  glasses  with  Nd-YAG  infrared  and  ultraviolet lasers (Hal- 
liday et al.,  1998a). UPb  ratios can  be  measured to within l% by reference to a 
standard in at least  some  simple  solutions  (Halliday et al.,  1995).  However, laser 
ablation  analyses  with  the Nd-YAG laser in infrared mode  yield  measuredltrue  val- 
ues  that are significantly  different  from  unity  and  from  each other (Halliday et al., 
1998a).  Therefore,  there  appear  to be significant  matrix  effects  in the infrared  laser 
ablation  process. The results for performing the same  experiments  using  frequency 
q u a ~ p l e d  Nd-YAG in  the  ultraviolet  are  more  successful. The measuredltrue  ra- 
tios are  very  similar for the two  glasses  (Halliday et al.,  1998a).  These  results  are 
extremely  encouraging  and  suggest that it will be possible to measure UPb ratios 
with  reasonable  accuracy  in  unknowns by comparison  with the result for a  known. 

Although the laser ablation  technique is powerful,  the  extent of  the  contri- 
butions that these  methods  will  make  will  depend  on the degree of success  achieved 
with  improvements  in t rans~ssion and  sensitivity. The sensitivity of the  P54 for 
Pb  in  solution  mode is about 0.2%. The best  sensitivity  achieved  with the UV laser 
at  U-M is about  0.1%.  However, the sensitivity for Pb  in  solution  and laser abla- 
tion  mode  using  some of the more  recent i n s ~ m e n t s  is already  reported to be -1 %. 
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Elemental  mass  spectrometry  has  undergone  a  major  expansion  in the past 1%”- 
years.  Many new Q, -.JC opments  in  sample  introduction  systems,  ionization  sources, 
and  mass  analyzers  have  been  realized. A vast  array of hybrid  combinations of 
these  has  resulted from specific  analytical  needs  such  as  improved  detection  lim- 
its, precision,  accuracy,  elemental  coverage, ease of use, thoughput, and  sample 
size. As can be seen  from  most of the other  chapters in this volume,  however, the 
mass  analyzers  used  to  date  have  primarily  been  magnetic  sector  and  quadrupole 
mass  spectrometers.  Ion  trapping  devices, be they q u a ~ p o ~ e  ion  (Paul) [ l ]  traps 
or  Fourier  transform  ion  cyclotron  resonance  (Penning)  traps,  have  been  used quite 
sparingly  and  most  work to date has  concentrated  on  proof of principal  experi- 
ments  rather  that  actual  applications. 

Many features of ion  trapping  mass  spectrometers  (MS)  make  them  arguably 
the analysis  method of choice for coupling to elemental  ion  sources. This chapter 
discusses the unique  characteristics of both  Paul  and  Penning  traps,  giving exm-  
ples of experiments in which  these  characteristics  have  been  applied  with  advan- 
tage to the mass  analysis of ions  produced from a  variety of elemental  ion  sources. 
It also acknowledges  some of the inherent  analytical  lirnitations of these  devices 
and  presents  means of dealing  with  them.  For  clarity of presentation, we  have  cho- 
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sen  to divide the chapter into two  parts,  discussing  first  Paul  traps  and  then  Pen- 
ning  traps. 

The application of quadrupole  ion  traps  as  mass  analyzers in elemental  mass  spec- 
trometry,  although still in its infancy,  has  already  shown  great  promise. The inter- 
est in these  devices  has arisen largely from their  application to organic  analysis,  in 
which  they  have  been  successfully  used as mass  analyzers  and  tandem  mass  spec- 
trometers for gas [2] and  liquid [3] chromatography, Of particular  interest  to  ele- 
mental  mass s~ectrometrists are the efficient  tandem  mass  spectrometric ( ~ S ~ S )  
capabilities,  viz.,  collision-induced  dissociation  and  chemical  reactions, for deal- 
ing with  mass spectral inte~erences. The potential for high  mass  resolution, the 
promise of more sensitive detection, and the possibility of reduction of instru- 
ment size are  also  intriguing  aspects of this  unique  analyzer. To date, several of 
these  objectives  have  been  realized,  and  some  unforeseen  benefits  have  resulted as 
well. 

The objectives here are to familiarize the reader  with  basic  €undamentals of 
quadrupole  ion trap operation,  as  related  to  elemental  analysis,  and  to  present  some 
of the  advantages  and  limitations  realized  to  date. At this  early stage of applica- 
tion  to  atornic  mass  spectrometry,  there are notable  limitations  that  must  be  ad- 
dressed;  they  are  primarily  due to the  finite  ion  storage  capacity of the trap, the ef- 
fects of higher-order  fields  (common  in  the  so-called  stretched  ion trap used  in 
comercial systems), and  parametrically  dependent  nonuniform  trapping  effi- 
ciencies  (i.e.,  differing  well  depths  as  a  function of d z ,  and  both  the  frequency 
and  amplitude of trapping  potential). These l i~ ta t ions  can  affect  dynamic  range, 
precision, M S ~ S  efficiency,  and  both  absolute  and  abundance  sensitivities.  For 
more  in-depth  treatment of quadrupole  ion trap history,  operation,  and  applica- 
tions,  the  reader is referred to several  books  and  reviews [4-lo]. 

uadrupole  ion  traps,  also known as Paul traps or t h r e e - d i ~ ~ n s i ~ n a l  quadru- 
pole  traps, employ  quadrupolar electric fields to trap ions in a  volume  defined  by 
the electrode geometries. The most  common geometrical configuration of the 
quadrupole  ion  trap,  shown in Fig. 9.la, comprises  a  ring  and  two  endcap elec- 
trodes  with  hyperbolic  surfaces. In most  cases  the endcaps are  grounded  and  a  radio 
frequency (rf) (usually  about 1 MHz)  voltage is applied to the ring  electrode.  When 
this rf potential is applied  to the ring  electrode,  a  quadrupolar  (saddle-shaped)  field 
results,  as  shown  in  Fig. 9.lb-c, The alternating  potential on the  ring  electrode 
causes  the  quadrupole  field to invert at a  frequency  corresponding  to the drive fre- 
quency on the  ring electrode. When the V, is negative,  positive  ions  are  drawn  to- 
ward  the  ring electrode and  away  from  the endcaps, Alternatively,  a  positive V, re- 
sults in  the  opposing  motion,  effectively  trapping  the ions. 
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Schematic representation of a quadrupole ion trap showing (a) a cut-away view 
of the three-di~e~sional quadrupole ion trap, including two endcap electrodes and  the  ring 
electrode, and the (b) positive  and (c) negative extremes of the quadrupolar field, alternat- 
ing as a function of the radio frequency (rf) potential applied to the ring electrode. 

A wide  range of m/z values  can  be  stored in a  trap  under  a  given set of con- 
ditions  (trapping  frequency  and  amplitude  and electrode geometry). The low mass 
limit is defined  by 

where V is the  amplitude of the  trapping  potential  applied to the ring electrode, $2 
is the angular  frequency of the  oscillating  trapping  potential,  and ro is the  inscribed 
radius of the  ring  electrode. The low  mass  cutoff is sharply  defined,  and  ions  with 
m/z values  below it strike the  endcap  electrodes or are  ejected  through  holes  therein. 
This process is called mass seZective i ~ s t a ~ i Z i ~ .  Thus  ions  can  be  scanned  out of 
the  trap  and  detected  via  a  multiplier  positioned at an endcap  electrode. The upper 
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mass  range is not  well  defined  and  depends on the well  depth of the trapping  po- 
tential, which is inversely  related to mass.  It is generally of little consequence  to 
elemental mass  analysis. 

The obvious  benefit of the  quadrupole  ion trap is that it is an  ion  storage  de- 
vice.  Therefore,  ions  can be both  accumulated  and  stored for extended  periods.  Ac- 
cu~ulation can occur  over  a  continuous  ionization  event  or  over  multiple  pulsed 
ionization  periods.  When  used  with  pulsed  ionization  sources,  duty  cycle,  defined 
in terms of sample  utilization,  can  be  as  high  as  100%.  Because  a  broad range of 
atomic  ions  can be stored simultaneously, the q u a ~ p o l e  ion trap is a  promising 
analyzer for transient  peak  analysis. 

Another  possible  benefit of ion accumulation  over  extended  ionization  peri- 
ods is improved  sensitivity for trace elements. This requires that the analyte be se- 
lectively  accumulated  and  that  trapping  efficiencies  exceed  losses  due  to  scatter- 
ing and  chemical reactions. Although  dependent  on dimensions and  operating 
para~eters, the absolute storage capacity of the q u a ~ p o l e  ion trap is estimated 
to be  approximately lo6 ions for commercial  devices [4]. In  practice,  however, the 
storage  capacity that results in favorable  intensity  and  mass  resolution is -lo4 ions; 
beyond this limit the effects of space charge on trapping  efficiency  and  peak  shape 
become  detrimental.  In the presence of a  high  concentration of plasma  gas ions, 
such  as A r +  in inductively coupled plasma (ICP) or glow discharge (CD) ion 
sources, it  is necessary to accumulate the ion(s) of interest selectively  while  ex- 
cluding  other  ions  that  would  fill the trap. A number of approaches  have  been  em- 
ployed to extend  the  dynamic  range for trace  element  detection;  these  are  discussed 
later in this chapter.  Though  detection limits for plasma-based  quadrupole ion trap 
systems are comparable to those of linear  quadrupole  systems,  improved  sensitiv- 
ity  has  not  been  achieved  yet,  primarily  because of inefficiencies  in  selective  ion 
accumulation  (i.e.,  chemical  and  scattering losses). That a  nominally  equivalent 
level of sensitivity  has  been  achieved  at all is remarkable  when  the  limited storage 
capacity of the trap  and  the large A r +  ion  currents  produced by such  ionization 
sources  are  considered. 

Extended storage times  provide  ample  opportunity for collisions in the 
quadrupole  ion  trap,  which  may  result  in  collision-induced  dissociation  (CID) or 
chemical  reactions. Path length  and  collision  frequency  are  important  parameters 
for CID.  As  a  storage  device  operating  at 1 mtorr, the quadrupole  ion trap provides 
both  long  path  lengths  and  high  collision  frequencies.  For  example,  an  ion  stored 
in the quadrupole ion trap for l00 msec  travels -770 m.  Operating  with  a  bath  gas 
pressure of 1 mtorr  He,  the  ion  undergoes  more  than 2400 collisions  during  that 
period. This is a  collision  rich  environment  that is difficult to reproduce  in other 
analyzers.  Depending  on  the  identity of the  ion,  the  collision  energy,  and the ther- 
modynamics of the colliding  partners,  a  number of processes  can  result,  including 
dissociation,  charge  exchange,  adduct  formation,  and  scattering.  Examples of these 
are  presented. 
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Implicit  in  the  preceding  discussion is that  quadrupole  ion  traps  employ  a 
buffer  gas,  typically He at  1  mtorr, to cool  ions  collisionally. A number of publi- 
cations discuss the benefits of buffer  gases for ion trapping, storage, and  other  mass 
spectral  characteristics [ 11-14]. The high  pressures  employed  with  quadrupole  ion 
traps  simplify  their  interfacing  with  inorganic  ion  sources,  particularly  glow  dis- 
charge ( 0 )  and  inductively  coupled  plasmas (ICPs). Unlike  ion  cyclotron  reso- 
nancC (ICR) traps,  which  utilize  image currents for analyte  detection  and  suffer 
from collisional broadening  (presented  in  the  next  section)  with  increasing  pres- 
sure, the collisional  processes  in  quadrupole ion traps  provide  focusing  (cooling) 
of the ions  toward the center of the trap, which is essential to enhancing  mass in- 
tensity  and  resolution. 

A vitally  important  aspect of ion trap operation is the  ability to impart  trans- 
lational energy  selectively to ions  via  resonance  absorption of alternating  current 
(ac)  voltages  (10"450  kHz)  applied  to the endcap.  Unlike for linear  quadrupole (or 
other multipole)  collision cells, the absorption of energy is m/z specific  as  each m / .  
in the trap precesses at a  specific set of frequencies,  the  most  important of  which 
for MSIRIIS is coz, the  fundamental  frequency of motion  in the z dimension,  which 
is defined  by 

where V and $2 are the amplitude  and  angular  frequency of the trapping  potential, 
respectively; ro is the inscribed radius of the  ring electrode; and e and m are the 
charge  and  mass of the ion,  respectively.  When the supplemental  ac signal is ap- 
plied to the endcaps,  ions  with  a  corresponding  secular  frequency  acquire  addi- 
tional  axial  energy  that is useful for polyatomic  ion  excitation  (through  collisions 
with the bath  gas) or ejection  from  the  trap  as  a  function of the amplitude of reso- 
nance  excitation  signal,  bath  gas  pressure,  and  trapping  potential. Such excitation 
can  be  applied  as  a  single-frequency, narrowband, or broadband  waveform,  or  as 
a  combination of these  in  tailored  waveforms. 

Filtered  noise  fields (FNFs) have  been  found to be an effective  means of tai- 
loring  waveforms for resonance  excitation  and  ejection  [15,16]. A ltered  noise 

eld is a  digitally  synthesized  broadband  waveform  that  spans the range of secu- 
lar frequencies of trapped  ions. The waveform is constructed  from discrete, equally 
spaced  (by 100,250,500, or 1000  Hz  in comercial systems)  frequency  compo- 
nents. The advantage of FTWs is that  each  frequency  component  and its amplitude 
can  be modified  in  near-real  time. The limitation  lies  in  the discrete nature of the 
frequency  components  and the preset  spacing. This can  limit the accuracy  in  match- 
ing the applied  frequency to the secular  frequency  and  becomes  more  difficult  as 
the spacing  between  frequency  components  increases. This is exacerbated at high 
m/z values,  where the inverse  relationship  between W, and d. results  in  fewer fre- 
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quency  components  per  mass.  With  large-frequency  components  (e.g., 1000 Hz) 
precise  tuning  can  be  difficult,  as  some  frequency  components can be  slightly OR- 
resonance.  This  problem  can  be  ameliorated  in singlefrequency excitation by  tun- 
ing  the rf trapping  amplitude  while  holding  the  applied  excitation signal constant. 
Accurate  tuning for several m/z values  can  be difficult, depending  on the frequency 
resolution,  and  often  results  in  uneven  distribution  of  excitation  energy. This prob- 
lem is more  difficult for resonance  excitation  than  resonance  ejection.  Unlike  in 
resonance  excitation,  excess  energy  in  resonance  ejection is not  often  a  concern. 

Stored  waveform  inverse  Fourier  transform  (SWIFT)  pulses [ 171 have  been 
applied  as  a  means of broadband  ejection of matrix  ions  generated by CS+ desorp- 
tion [ 1 81. These  pulses  are  generated by taking the inverse  Fourier  transform  of the 
desired  frequency  domain  spectrum  and  applying  the  stored  time  domain  wave- 
form to the  endcap  electrodes  via  an  arbitrary  waveform  generator, The magnitude 
of the  SWIFT  pulse  determines  the  degree of excitation for ions of specific secu- 
lar frequencies. 

As  utilized for selective  ion  accumulation  during  trapping or for isolation of 
trapped ions, the  application of resonance  frequencies  to eject ions  from  the  trap 
is referred  to  as resonance ejection. Coupled  with  mass  selective  instability  scans, 
this process is known  as  axial  modulation  and  serves to extend  the  available  mass 
range [ 191. Resonance  excitation  occurs  when  the  translational  energy is insuffi- 
cient to eject the ions from the trap but  increases the collision  energy  with  the  bath 
gas,  causing  an increase in internal energy of the  polyatomic  ion.  As  will  be  shown, 
high  vibrational  excitation  can be achieved,  allowing the dissociation of some of 
the  most  strongly  bound  diatomic  species  encountered  in  atomic  mass  spectrometry. 

High-resolution  mass spectra, as first  demonstrated  by  groups  at  Finnigan 
and  Purdue,  can be obtained  from  quadrupole  ion  traps by combining  mass  selec- 
tive  instability  with  resonance ejection (i.e., axial modulation)  and  reducing the 
scan  speed [20]. Alternatively,  high  mass  resolution  can  be  achieved  by  slowly 
scanning  the  resonance ejection signal [21]. The results of Londry et al.,  using  very 
slow  scans (0.1 amtdsec),  showed  an  extremely  high  mass  resolution of lo7 at d z  
614 and  are  promising for elemental  applications  [22].  However,  constant  peak 
width  over  the  mass  range of the  analyzer is a  characteristic of quadrupole  ion  traps, 
and  therefore  resolution is poorer  in  the  elemental  mass range [unlike  in  Fourier 
transform  ion  cyclotron  resonance (FTICR) mass  spectrometry,  in  which  resolu- 
tion is inversely  related  to  mass].  Additionally,  such  extremely  low  scan  rates  se- 
verely  compromise the duty  cycle  and  allow  undesirable  chemical  reactions  to 
occur  with  reactive  atomic  ions.  Nevertheless,  resolving  power  on  the  order of a 
few  thousand,  which  could  be  obtained  at  a  compromised  scan  rate,  would cir- 
cumvent  many of the common  interferences  in  atomic  mass  spectrometry.  Such 
resolution  was  demonstrated  by  Schwartz et al.  using Xe+ isotopes,  formed by elec- 
tron  ionization  [23]. By reducing the scan  rate  from 5550 mu/sec to  55.5  amu/sec, 
resolution  was  improved  from mlh m = 400 at  mass 132 to mlh m = 3800 ( M M  
0.035  amu). Still, duty  cycle is greatly  compromised for continuous  ionization 



Ion Traps 335 

sources.  For  probing  small  mass  ranges  that  are  subject  to  mass  interferences,  high 
resolution  could  be  a  valuable  tool for atomic  mass  analysis. 

Thus,  quadrupole  ion  traps  have  a  unique  combination of features.  They  are 
storage  devices  that  operate at relatively  high  pressure. Ions are  afforded  a  long 
path  length  (long  resonance  times),  which results in a  high  collision  frequency, 
useful for chemical  and  collisional  processes.  Resonance  specific  excitation  af- 
fords the  analyst  a  high  degree of experimental  flexibility  in  selecting  which  ions 
are  trapped  and  the  amount of energy  imparted  to  each  mass-to-charge  value. The 
following  applications  show how this  unique  combination of features has  been  uti- 
lized in various  applications to elemental  mass  spectrometry. 

The 1980s saw  a  rapid  escalation  in the number of applications of quadrupole  ion 
traps  in  organic  mass  spectrometry  and  fundamental  developments  therein. "his 
resulted  primarily  %om  the  advent  and  subsequent  commercialization of quadru- 
pole  ion  traps  employing  mass  selective  instability  [24].  Investigations  involving 
laser  desorption  [25,26]  within the trap volume  and  the  successful  interfacing of 
external  ion  sources  to  quadrupole  ion  traps for the  analysis of molecular (via elec- 
tron  impact [ 13,271,  chemical  ionization  [27], CS+ ion  sputter  ionization [ 191, and 
atmospheric  sampling  glow  discharge  [12])  and  atornic ions (via laser ablation) 
[ 131 served  as  a catalyst for the  use of quadrupole  ion  traps  in  inorganic  mass  spec- 
trometry.  Developments of quadrupole  ion trap mass  spectrometry,  employing in- 
ternal  and  external  atomic  ion  sources,  are  summarized  in  the  discussion  that  follows. 

Internal ionization 

The quadrupole  ion trap is seen  as  a  compact  and less expensive  alternative to FT- 
ICR mass  spectrometers  employed for gas-phase  metal  ion  chemical  and  mass 
analysis  [28,29].  Although  lacking the high  mass  resolving  powers  available in 
Fourier  transform  ion  cyclotron  resonance  mass  spectrometry (FT-ICR-~S), the 
quadrupole  ion  trap  has  been  investigated by using  nonselective  and  resonance-se- 
lective  ionization of ablated  metal  samples. 

A common  approach  adopted for laser  desorption or laser ablation of sam- 
ples inside the trapping  volume  has  been  employed by various investigators 
[25,26].  An  example of this  configuration  as  published by Gill et al. is shown  in 
Fig.  9.2  [30].  Samples  were  inserted  radially  through  the  ring electrode, with  the 
laser aperture  located 180" from  the  sample. A frequency-doubled Nd:YAG laser 
(532 nm), focused  through  this  aperture,  was  used to ablate  and ionize the sample 
inside the  trap.  One  advantage of such  a  configuration is that multiple  pulses  can 
be  accumulated  to  improve  sensitivity.  In  practice,  however,  a  high  charge  density 
resulted,  distorting the quadrupole  fields  and  resulting  in  degraded  mass  resolution 
and  storage  capabilities.  Additionally,  the  ability to monitor  minor  components  in 
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Schematic  diagram  illustrating  the con~gura~ion of  the quadr~pole ion  trap  for 
laser  ablation  inside  the  ion  trap.  Samples  inserted  through  the  ring  electrode  are  atomized 
and  ionized  in  the  trapping  volume  by  the  laser  beam,  entering  the  ring  electrode  from 180” 
relative  to  the  sample.  (From  Ref. 30.) 

the sample  was  degraded  as the major  components  filled  the trap volume. To pre- 
vent  this, either laser energy,  power  density, or helium  buffer  gas  pressure  could 
be adjusted.  Doing so caused  mass spectral characteristics to improve,  but at the 
expense of sampling or trapping  efficiency. 

To overcome  charge  accumulation  problems  and to extend  the  sensitivity of 
q u a ~ p o l e  ion  traps for minor  components, some means of selectivity is needed 
to extend  the  dynamic  range.  Selectivity in either the ionization  event or the trap- 
ping  technique  can  be  used.  Garrett et al., in a  similar  experimental  configuration 
to that  described,  employed  resonance laser ablation (RLA) to ionize ablated  atoms 
selectively 13 l]. The leading edge of a  tunable laser pulse  vaporized  near-surface 
material,  resulting in an  atomic  plume  above the surface of the sample. The trail- 
ing edge of the laser pulse selectively  ionized  atoms  in the plume. Those atoms 
with  transitions  resonant  with  the  incident  photons  were  preferentially  excited  and 
subsequently  ionized.  Doing so achieved  selectivities  (relative  sensitivity) of Cr 
and  Fe of 75 and 50, respectively,  by  tuning  a  low-power  dye  laser into a  resonance 
with these components of the stainless steel sample.  Resonant laser ablation 
schemes,  most invol~ing “l + 1” (photons to resonance + photons to ionize)  and 
‘‘2 + 1” excitations from the ground state, for 15 elements  have  been  reported  [32]. 

WO examples of RLA-IT-MS are shown  in  Fig.  9.3.  Figure  9.3a  shows  two 
mass  spectra  in  National Institute of Standards and  Technology ( ~ ~ T )  S M  664 



Ion Traps 337 

0.0 

40 50 80 70 80 90 

mh! 

10"Pb+. 

205 210 21 5 S 

Resonant laser ablation of (a) copper (2500 ppm) in steel and (b) lead (26.5 
ppm) in copper. Elemental selectivity is demonstrated for each by the absence of analyte 
signal when ablating slightly off resonance and by the absence of Fe in (a). (From Ref. 32.) 

Modified  High  Carbon  Steel.  These  two  spectra  were  obtained  by  tuning  the laser 
to the Cu(2 I- 1) transition at 463.50'7 nm  and  by  tuning the laser just off the  reso- 
nance  transition for Cu  (2500  ppm). The selectivity is evident from the lack of a 
matrix Fe signal. Cu isotopic  ,fidelity is also  maintained,  with the measured ratio 
of (0.692 ~f: ~.005)/(0,308 ~f: 0.005) comparing  favorably  with  the literature value 



of 0.691~/0.3083 [33]. A similar  analysis  (Fig.  9.3b) of Pb (26.5  ppm) in NIST 
SRM 494 Unalloyed  Copper  shows the selectivity of the E A  process  and  results 
in  a  detection  limit of about 1 ppm. 

In  a  related  work,  these  authors  utilized the selectivity of the E A  process 
to isolate metal  ions (Cr+, Fe+, Ni+, and Cu+) for investigation of the  gas-phase 
chemical  reactions of these  reagents  with  acetone,  exploiting  the  storage  capabil- 
ities of the  ion  trap  [34]. The RLA  process  facilitated  comparison of metal  ion 
chemical  characteristics  by  allowing  multiple  elements  to  be  studied  without  the 
need  to  break  vacuum.  In  another  work  involving  the  RLA  approach, the ability to 
store both positive  and  negative ions was  utilized to identify  both the laser ablated 
transition  element  and  the  transition  metal  complex  [35].  Increasing laser energy 
caused the decomposition of the  complexes.  Positive ion mass  spectra  allowed  the 
d e t e ~ n a t i o n  of the  bare  transition  metal  ion,  whereas  negative  ion  analysis  pro- 
vided  information  on  the  intact  acetyl  acetonate  negative  ion. 

External ionization 

The ability  to  inject ions formed  in  an  external  ion  source  (e.g.,  laser  ablation,  glow 
discharge,  inductively  coupled  plasma)  greatly  extends  potential  applications of 
quadrupole  ion  traps.  One of the earliest  investigations of factors  influencing the 
injection of externally  generated  ions  used  a laser ablatio~ionization source  to  gen- 
erate metal  ions  outside the trapping  volume 1131. Laser  ablated CS+, Ta+,  and Au+ 
ions  were  injected  via  an  Einzel lens assembly  through  an  endcap  electrode. WO 
critical parameters  were  identified-the  damping  gas  pressure  and the rf trapping 
potential. 

The  externally  generated  ions  had  low (-10 eV)  kinetic  energy  entering  the 
trap. Yet, in  order to trap  the ions, they  needed to be  collisionally  cooled  via  a  bath 
gas.  He,  Ne, Ar, and  Xe  were  compared for this  purpose,  and  all  promoted  trap- 
ping of the  injected  ions.  He  and  Ne  were  found  to  be  most  effective; Ar and  Xe 
produced  a  10% to 20% reduction  in  signal  intensity  relative to that of He  and  Ne. 
Additionally,  Xe  was  found to result  in  severe (3 amu)  peak  broadening.  In  another 
study,  an  atmospheric  sampling  glow  discharge  ion  source  was  interfaced  to  a 
q u a ~ p o l e  ion trap, where H, was found  to  be ~ 3 0 %  more  effective  than He in 
ion  trapping  [12].  However,  He  has  been  adopted  as  the  bath  gas of choice  in  most 
applications,  primarily  because of the q u a ~ p o l e  ion  trap's  history as a  detector 
in  gas  chromatography  MS  (GC-MS)  and  handling  considerations. As is discussed 
later, H, has  useful  chemical  properties for plasma-based  quadrupole  ion trap ap- 
plications. 

Another  noteworthy  observation  in  the  work  of  Louris et al. [ 131 was  that 
Ta+,  a  strong  gettering  agent,  reacted  rapidly  with  adventitious  water  in  the  quadru- 
pole  ion trap to forrn  TaO+  and  TaO,+.  Such  reactions  are  always  of  concern  in  the 
application of quadrupole  ion traps to elemental  analysis  as  they  produce  metal  ox- 
ides that  can interfere with  analyte  signals of interest. Such oxides  form  even at 
low  residual  gas  pressures  and  have  very  high  bond energies, making them diffi- 
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cult to dissociate. These  are  not readily eliminated via ion-neutral chemical 
processes  and  therefore  have  been  the  subject of investigations  using  collision in- 
duced  dissociation [3,37]. Louris et al.  also  demonstrated the ability  to  perform 
metal  ion-molecule  (benzene)  chemical  reactions  with  externally  generated Au" 
ions, which  resulted  in the fornation of metal-adduct  ions of Au [ 131. 

It is fair to say  that  much of the impetus for the application of quadrupole 
ion  traps  to  plasma-based  ion  sources  (glow  discharge  and  inductively  coupled 
plasma)  resulted  from  the  possibility of dissociating  polyatomic  interferences.  Ad- 
ditionally, the ability to isolate and  accumulate  analytes of interest promised to im- 
prove sensitivity over that of alternative analyzers. The  high mass resolution 
demonstrated  on  quadrupole  ion  traps  offered  another  approach  to  dealing  with 
polyatomic  interferences.  Other features of the trap,  improved  duty  cycle  and  abil- 
ity  to  perform  ion  chemical  reactions,  were  largely  secondary  issues. M S N S  ef- 
ficiencies  in  organic  mass  spectrometry  were  noteworthy. A purely  atomic  mass 
spectrum,  which  might  be  possible  with  quadrupole  ion  traps,  held  much  appeal. 
The reality of quadrupole  ion  traps as mass  analyzers is that  ion-molecule  reac- 
tions  are  inevitable.  These  can be either beneficial or detrimental, as will be shown, 
and  are  dependent  on  the rate constants  (often  very  high) for the  reactions  in  the 
trap and  number densities of the  reactants  (e.g., H,O and Hz). 

Glow Discharge. Although glow discharge  mass  spectrometry is less 
prone  to spectral interferences than optical emission, it is subject to chemical in- 
terferences such as metal argides, metal  dimers, and, to a smaller extent, metal 
oxide ions. It was the ability to dissociate these species, employing the ~ S N S  
capabilities of the quadrupole ion trap, that  motivated initial attempts to produce 
such  an interface. Early  work  involving the use of triple E381 and  double [39,40] 
quadrupole  instruments in plasma-source  mass  spectrometry  demonstrated the 
ability to effect dissociation of diatomic interferences preferentially, relative to 
atomic scattering losses. The d z  (secular frequency)  dependence on  ion excita- 
tion  would  allow interferences to be dissociated  without  scattering  losses of con- 
comitant atomic ions. Nevertheless, a trade-off  between polyatomic dissociation 
and  atomic  ion  scattering  limited  the  analytical  utility of such  approaches. 

Several  characteristics of the  glow  discharge  ion  source  facilitate  interfacing 
with  quadrupole  ion  traps.  Ion  energies,  reflecting the low  plasma  potentials  of 
glow  discharge,  are  only a few  electron  volts [m3 eV, direct current (dc)-powered; 
-1 8 eV  rf-powered).  Additionally, the norninal l-torr operating  pressure of the GP) 
facilitates the easy  coupling  to  the  ion  trap,  operating  at l mtorr. A design  similar 
to that  employed  in  atmospheric  sampling  glow  discharges [ 121 and  adapted for 
use  with a solid  sampling  glow  discharge  source is shown  in Fig. 9.4 [36]. The rf 
glow  discharge  was  formed  between  the  sample  (cathode),  mounted  on a direct in- 
sertion  probe,  and  the  six-way  cross,  which  served as the counterelec~ode (anode). 
Ions  were  extracted  through a 500-pm orifice  and  were  focused  with a simple  three- 
element lens system  through a hole in the endcap electrode. The second lens ele- 
ment  consisted of two  half-plates,  which  were  used to deflect the  ion  beam after 
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Figure 4 Schematic diagram showing the interfacing of a glow discharge with a quadru- 
pole ion trap (From  Ref. 36.) 

injection. Ions were  trapped  and  stored  in l-mtorr He  buffer  gas,  and  mass  selec- 
tive  instability  in  conjunction  with  resonance  ejection  (i.e.,  axial  modulation)  was 
employed for mass  analysis. 

The initial experiment  demonstrated  both  beneficial  and  detrimental  ion- 
molecule  reactions  with  residual gas species  (primarily H20) in  the  trap.  Benefi- 
cial reactions  between  discharge-gas-related  ions  and  water  resulted in the  reduc- 
tion or elimination of the  former as a  function of ion  storage  (reaction)  time.  Figure 
9.5 shows  mass  spectra  taken  at 30-mS intervals for a  brass  sample. Cu+ and  Zn+ 
ion  intensities  are  unaffected  as  Ar+,  &H+,  and A r 2 +  are  depleted  via  proton  and 
charge  transfer  reactions  with  time.  Electron  transfer  from H20 to  Ar+ is highly 
exothermic.  Subsequent  proton  transfer  from H20 to H,O+ yields  H,O+,  whose in- 
tensity  grows  (only to be lost  at 120 msec  as  a  result of its low  trapping  potential) 
as Ar-related  ions  diminish.  At 90 msec, A r +  is mostly  depleted.  Ar  dimer  ions  have 
an  ionization  potential of  14.5  eV, significantly  higher  that H20 (12.6 eV), and  can 
therefore  undergo  efficient  electron  transfer  too. A predominantly  atomic  ion  mass 
spectrum  (at  this  sensitivity)  results. 

Metal  argides  are  a c o m o n  diatomic  interference  in GDMS. To date, no 
metal  argides  have  been  observed  in  glow  discharge  quadrupole  ion trap mass  spec- 
trometry.  These  species  have  bond  energies of only  a  few  tenths of an  electron  volt 
E41-433. Collisions  with  the  He  bath  gas  under  standard  trapping  parameters  could 
effect  their  dissociation.  Alternatively,  dissociative  charge  transfer  reactions  could 
also cause  their  elimination.  Metal  dimers,  such  as Cu,+ (bond  energy -1.8 eV) 
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ure 5 Glow  discharge  mass  spectra  of  brass  acquired  after  different  trapping  periods. 
Proton  and  charge  transfer  reactions  with  adventitious  water  result  in  the  removal  of  argon 
related  ions. 

[M], have  been  observed  but are easily  dissociated  in CIR experiments  (see later 
discussion  and  Fig.  9.8). 

Chemical  reactions  in  the  trap  can also be employed  to  resolve  isobaric in- 
terferences of atomic  ions  through  a  postinjection  chemical  reaction,  which  pref- 
erentially  shifts  one of the interfering  isobars  to  higher  mass.  One  such  reaction, 
analo~ous to  that  performed  by  Irikura et al. in F’T-ICR experiments [45 1, is the re- 
action of Os+ with CH,, forming OsCH,’ and  removing the 1870s+ isobar from 
ls7Re+. This experiment  was  repeated  in  the  quadrupole  ion trap by  using  glow  dis- 
charge  generated Os+ and  Re+ ions, which  overlap at m/z 18’7, as  shown  in  Fig.  9.6a 
[ 101. With  the  addition  of 2 X lo”, torr of methane,  the Os+ is efficiently  removed 
from its original mass  position.  Approximately 53% of the OsCH2* product  ion is 
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Ion-molecule  reactions  provide a means  of  separating  atomic  isobars as shown 
in (a) the mass spectrum  of 1870s and *87Re.  Reaction  of CH, with Os+ is  highly  favored 
over  that  of  Re+ and results  in  (b)  the  postionization  separation  of  these  isobars  through  the 
formation  of  the  molecular  adduct OsCH,+. 

recovered.  Virtually no reaction  was  observed for Re+, and,  though  off-scale in Fig. 
9.6b, it appears to have  negligible  loss  in  signal  intensity. 

As reported  in  the  experiments of Louris et al. [ 131, reactive  metal  ions,  such 
as  Ta+,  in  the  presence of residual  gases  can  lead  to the formation of metal  oxides 
with  extended  ion  injection or storage  times. In such  cases, CID has  been  employed 
to dissociate  the  polyatomic ions. An  example is given  in  Fig.  9.7,  which  shows 

+ at wldz 197  isolated  (Fig.  9.7a).  TaQ+  has  a  very  high  bond  dissociation  en- 
ergy (Do = 8.2 eV), yet  with the application of a  0.8-V  resonance  excitation  po- 
tential for 14 msec,  collisions  produced  with  the  9.3 X torr  Ar  background 
allow  this  bond  to  be  dissociated  with  nearly  100%  recovery of the  bare Ta+ ion. 
The residual  TaQ+  results  from  back-reactions of the  Ta+  product ions, which,  if 
not  ejected  from  the trap after  dissociation,  react  readily  with  trace  residual  gases. 
It  has also been  demonstrated  that  the  dissociation  can  occur  in  a  multiple-,  step- 
wise  collision  process,  with  collisions  resulting  in  a  net  increase  in  vibrational  en- 
ergy, and that  the  dissociation of  TaO+ can  occur  at  higher  rates  than  scattering 
losses of atomic ions of the  same d z  (i.e., Au+) [46]. 
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(a) the strongly bound (D" = 8.2 eV) TaO+ diatomic ion to form (b) Ta+ with  nearly 100% 
efficiency on collision with  background Ar (9.3 X torr). 

~ingle-frequency excitation  signals  can  be  easily  tuned,  in  both  frequency 
and  intensity, for optimal  dissociation of polyatomic  ions.  Alternatively,  broadband 
or tailored  waveforms  can  be  employed to excite  a  range of d z  values  or  can  be 
used  in combina~on to cover  several  noncontinuous  mass  ranges.  Figure  9.8  shows 
the use of a  tailored  waveform  (i.e., FNF) [37]. After  isolation of the  copper  dimer 
ions  using  mass  selective  instability  (Fig.  9.8a),  an W was  applied.  This 
was  constructed  from  signals of 123, 121, and  119 M z ,  co~esponding to the res- 
onance frequencies of m/z 126,  128,  and 130, respectively. As shown  in  Fig.  9.8b, 
the bare  atomic  product ions can be recovered  with  high  efficiency. 

Selective  ion accu~ulation is required to extend the dynamic  range of the 
~ trap beyond -lo2 because of its limited  storage  capacity.  Although sophis~cated 

tailored  waveforms  can  be  used, it has  been  demonstrated  that  several  straightfor- 
ward  approaches  can  extend  the  dynamic  range to lo5 [47]. These  approaches  em- 
ployed  various  applications of ac  and dc potentials to the  ring or endcap  electrodes 
to isolate ions of interest  over  a  limited  mass range during injection, Ions with  un- 
stable trajectories  were  quickly  ejected  from the trap and  ions of interest  were  ac- 
c~mulated. 
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noise  field  results in (b)  bare  copper  product  ions. 

The most  common  example of selective  ion  accumulation is mass  selective 
instability,  which is shown  in  Fig.  9.9 for the  analysis of National Institute of Sci- 
ence and  Technology  (NIST) SRM 1103 Free Cutting  Brass.  Mass  selective in- 
stability  serves  as  a  high-pass  filter.  When  a  low  mass  cutoff of 15  amu is employed 
(Fig.  9.9a),  the trap fills  with  discharge  and  residual  gas  species in an injection  pe- 
riod of 0.5  msec.  Copper is barely  seen  above the noise.  Increasing  the rf ampli- 
tude forces the  low-mass  ions  beyond the stability  boundary,  allowing the Cu+  and 
Zn" isotopes to be identified at greater  intensity for the  same  injection  period  (0.5 
msec).  Signal-to-noise  ratio  improves Z-fold, and  it is possible to accumulate for 
a  longer  period  as  no  evidence of space-charge  broadening of the  peaks is seen. 
Other  means  reported  include  single-frequency  resonance  ejection  (narrow  notch 
filter),  combination  rf-dc  (broad  notch  filter),  and use of a single endcap dc (low- 
pass  filter)  potential. These selective  ion  accumulation  schemes  can be used  alone 
or in  combination  within  a  given  scan  function.  Coupled,  such  scan  functions  pro- 
vide  several  approaches  to  multielement  analysis  in  plasma  source  quadrupole  ion 
trap mass  analysis. 

Detection limits achieved  with the experimental  approach  described  were  on 
the order of 10 ppm. A 40-fold  improvement  in  signal-to-noise ratio was  achieved 
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h 
9 Glow discharge mass spectra of NIST S M  1103 Free Cutting Brass, demon- 

strating selective ion  accumulation by using mass selective instability: (a) low-rnass cutoff, 
d z  15; (b)  low-mass cutoff, d z  45. (From Ref. 36.) 
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11 Inductively  coupled  plasma  mass  spectra  of  (a) tho~um demonstrates  the 
propensity  for  metal  oxide  formation  in  the  quadrupole  ion  trap.  Cryogenic  pumping (b) re- 
duces  the  residual  gases,  resulting  in  dramatically  reduced  oxide  formation.  (From  Ref. 50.) 

source,  but  were  instead  being  formed  in  the trap via  ion-molecule  reactions  with 
residual  water  vapor.  Increased  pumping of the water  vapor  via  cryogenic  or  ac- 
tive  metal  gettering  methods  resulted  in  the  reduction of metal  oxide  species. This 
is demonstrated  in the spectra of 1 p g / d  Th  in 5% HNO, in  Fig.  9.1  1. In the ab- 
sence of a  liquid  nitrogen  cold  finger  and  a liquid nitrogen trap on the He buffer 
gas  stream,  the 2 X 10-6-torr  background  pressure  resulted a base  peak ofThO,H+ 
(Fig. 9.1 la). With  cryogenic  cooling  (Fig. 9.1 lb), a  base  pressure of 7 X torr 
was ac~ieved, resulting in primarily  atomic Th+ ions, This example  shows  that  even 
modest  amounts of residual  gases  can  have  detrimental  effects  on  ion trap mass 
spectra;  great  care  must  be  exercised  in  regard  to  analyzing  reactive  species. 

Another  benefit  noted  was the absence of common  interfering  species, in- 
cluding  ClO+,  ArO+, Ar2+. ~ollision-induced dissociation experiments  were 
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planned for removing  these  species,  but  they  were  reported to dissociate  as a re- 
sult of collision  processes  during  extraction into the high (l-mtorr) trapping  envi- 
ronment.  Figure  9.12  shows the ICP-MS spectra of the m/z 45-85 region, in which 
the interfere~ces discussed  are  usually  seen  in  great  abundance [5 l]. As shown  in 
Fig.  9.12a,  these  interferences  are  nearly  eliminated,  allowing  difficult  elements 
such  as 51V, 56Fe,  and 75As (Fig.  9.12b)  to be analyzed  with  minimal  or  no  back- 
ground  interference  correction. 

As noted  in GD-IT-MS applications, AY? was  found to be nearly  completely 
neutralized  and  did  not  pose the severe  space  charge  limitations  that  had  been  an- 
ticipated. Two mechanisms for Ar+ neu~alization were  proposed:  (1)  Auger  neu- 
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torr 0,. (From Ref. SS.) 

to  work  with  when  analyzing  samples  containing  the  fission  product 90Sr. Detec- 
tion of 90Sr often  requires  chemical  separation of the  isobars 90Zr and 90Y. The 
spectrum  in Fig. 9.13a  shows the mass  spectrum for Sr (nonradioactive  isotopes 
were  used  as  surrogates for 90Sr), Y, and Zr before  the  addition of 0,. A small  par- 
tial pressure of 0, (-loe5 torr) in. the collision cell resulted  in  a  16-amu  mass  shift 
for Y+ and Zr+ through  the  formation of the  oxides.  and 90Zr+ were  found  to 
react 1200 times faster than Sr. The results indicate that 90Sr could  be  separated  from 
a  100-fold  excess of 90Y or 90Zr. Therefore,  analysis of the  radioactive 90Sr isotope 
could be done  without  the  need for chemical or c~omatographic separations.  Other 
exmples include  the  charge  exchange  reaction from Xe+ to 0, to  facilitate the 
measurement of 1291+, a  long-lived radionuclide of relevance to environmental 
m~~itor ing.  

One  limitation  in  the  addition of reactive  gases is the  potential for scattering 
losses of atomic  ions. As a  general rule, the  reactive  gas  species  should be as  light 
as  possible  and  the  number  density  should be optimized,  allowing  the  reaction to 
proceed  rapidly  while ~ n i m i z i n g  scattering  and  maintaining  collisional  cooling. 
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In  the Y+, Zr+, Sr+ reaction  with 0, described, the reaction of Y+ and Zr+ was  ap- 
proximately 500 times faster than  the  scattering rate of Sr+. 

The ability to extend the dynamic range via  resonance  selective ( d z  selec- 
tive)  ion  accumulation  processes  offers  an  alternative  approach to chemical  selec- 
tion.  Filtered  noise  fields  (single-frequency,  narrow-band,  and  wideband)  have 
been  used in ICP-IT-MS to remove inte~ering species, improving  dynamic range 
and  sensitivity for neighboring m/z species,  which for lack of a  more  precise  ana- 
logue is termed a ~ ~ n ~ a n c e  sensitivity (perhaps  more  accurately  described  as  abun- 
dance selectivity)  [56]. This abundance  sensitivity, de~onstrated by the ejection 
of 89Y+ (100 ppb),  allowed the measurement of both  88Sr (0.8 ppb)  and  90%r  (0.5 
ppb)  with  a  selectivity of -lo5 (i.e.,  fraction  88Sr or 90Zr  lost  per  fraction  of 89Y re- 
maining). 

It  should  be  noted  that  the m/z selectivity  in  such  experiments  can be affected 
by the asymmetry of the absorption  profiles  (signal of a  given d z  ratio  versus fre- 
quency of the applied  resonance  excitation  voltage),  caused by higher-order fields 
in the "stretched"  geometry of commercial  quadrupole  ion  traps  [57].  This  asym- 
metry  was also characterized by Eiden et al. [56]  as  a  function of buffer  gas,  sig- 
nal ~ p l i t u d e ,  and signal duration, all of which  affect the abso~tion characteris- 
tics as  a function of the degree of interaction between  a specific d z  and the 
higher-order  trapping  fields. This interaction  increases  as  ions  move  away  from the 
center of the trap, as  a  function of time, ampli~de, or  collision rate [57].  Absorp- 
tion  tails to low  frequencies  (high  mass)  and  absorption  curves  can  overlap for ad- 
jacent m/z values,  reducing  selectivity.  Conversely, the absorption  band is found to 
be sharper  on the high-~equency (low-mass) side, allowing  greater  specificity  in 
the resonance  ejection  process. 

SWIFT excitation  affords  another  method of resonance  selection or ejection 
and  has  been  applied in ICP-IT-MS  by  C. I. Frum to effect  both  ion isolation and 
collision-induced  dissociation of ions  sampled from an  IGP  [58].  An  example of 
the isolation of I4,Ce from  a  mixture  containing all the lanthanide  isotopes is shown 
in Fig.  9.14. In the absence of SWIFT excitation  (Fig. 9.14a) space  charge  effects 
on  both  the  lanthanides andY+ are  evident  (space  charge for Th+ is reduced by the 
prior  ejection of lighter ions  during the mass  scan).  Space  charge  effects  are  elim- 
inated on  application of SWIR ion  isolation. 

A final  example of the  utility of quadrupole  ion  trap  mass  spectrometers  in 
atomic  mass  spectrometry is the ability  to  generate  high-resolution  mass  spectra 
through  slow  scanning  techniques. An example is shown  in  Fig.  9.15,  where  55Mn 
is resolved  from C4H,+, which  can  form  from  charge  exchange  reactions in the trap 
[59].  Modest (m/Am c 500)  resolution isrequired in this application,  but this spec- 
trum demons~ates the improved  resolution  that  can be attained  while  retaining 
high  sensitivity.  Mn is present  in  solution at 100  pg/mL.  Here A m was  measured 
at  half-height.  This  corresponds to a  mass  separation of -0.03 amu ( ~ )  and 
0.05 m u  at 10% of peak height; peaks  are  slightly  asymmetrical,  tailing to high 
d z .  (The  best  quadrupole  ion  trap  resolution  noted  to  date for ICP-MS is about 
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Inductively  coupled  plasma  mass spectra of a mixture of lanthanides, Y, and 
Th: (a) without  stored  waveform  inverse  Fourier  transform  ion  trap  (SWIFT)  excitation  and 
(b) with  the  selective  accumulation of Ce+  via  SWIFT.  (From Ref, 58.) 

mlb m 1000 for the first-row  transition  metals  [54]). As discussed  previously,  a 
trade-off  between  duty  cycle  and  mass  range  exists  because of the consecutive  na- 
ture of  the  ion  injection  and  mass  scanning  events.  Though the limits of mass  re- 
solving  power  have  not  been  fully  explored,  improved  mass  resolution is yet  an- 
other  tool  available for users of quadrupole  ion  traps. 

9.3  EN^^^^ TRAPS 

In this  section  the  use of commercially  available  devices  based  on  Penning  traps, 
namely,  Fourier  transform  ion  cyclotron  resonance (FTF-ICR) mass  spectrometers, 
is presented. Since its introduction in 1974  [60],  the FT-ICR technique has been 
applied to a  plethora of problems  in  organic,  inorganic,  and  physical  chemistry  and 
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biochemistry.  Numerous  reviews [61-661 and  several  books [67-691 have  ap- 
peared,  so  only a brief  overview of the important  features of the method is given 
here. 

In  a  Penning  trap,  ions  are  constrained  spatially by a  combination of electric 
and  magnetic  fields.  In  the  presence of a  homogeneous  magnetic  field ( 
have  a  component of velocity  perpendicular  to  are  subjected to the  Lorentz force 
and  subsequently  follow a c alar trajectory  [70]. The rotational  frequency of this 
trajectory is proportional to and to the  ion  charge (4) and  inversely  proportional 
to the  ion  mass (m). W e n  expressed  in  radians,  this  rotational  frequency is known 
as  the c y c l ~ t r ~ n ~ e q ~ e n c y ,  m,, where 

m, = qBlm  (9.3) 

Thus  the  presence of a  magnetic  field  constrains  the  ion’s  motion  in  two  dimen- 
sions.  However,  a  charged  particle is free to drift along  the  magnetic  field  lines. To 
trap  ions in the analyzer cell, an electrostatic potential is applied to two  parallel 
electrodes,  creating  a  potential  well  that  confines  motion  along  the  magnetic  field 
[71].  This  trapping  potential (usually only  a  few  volts  in  magnitude)  prevents  ions 
from  drifting  out of the analyzer cell as  they  oscillate  with  simple  harmonic  mo- 
tion  between  the  trapping  electrodes,  as  shown  in  Fig.  9.16. The ions also experi- 
ence magnetron  motion  (not  shown  in  Fig.  9.16)  as  a  result of their drift along 
equipotential  surfaces  created by the presence of the  trapping  electrodes.  The  de- 
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tailed  motion of the  ions  in the FT-ICR  trap is described  more  completely in sev- 
eral of the  reviews  cited [62,66]. 

Once the ions  are  trapped  in  the  analyzer cell, mass  analysis is accomplished 
by applying a resonant rf electric  field  across the cell by using a set of “excite” 
electrodes.  Ions  whose  cyclotron  frequency  matches  that of the  applied  electric 
field  absorb  energy  and  move to larger  cyclotron  orbits, as depicted  in  Fig. 9.17. 
After  excitation  the  coherent  ion  packet  induces an image current in a set of de- 
tection  electrodes that is converted  to a voltage,  amplified, digitized with a high- 
speed  analogue-to-digital  converter,  and  stored as a transient  response. The tran- 
sient  response  (a signal that  varies as a function of time) is then  subjected to Fourier 
transfo~ation, yielding a frequency  spectrum  that is converted to a mass  spec- 
trum  via  Eq. (9.3). 

The FT-ICR  technique  most  often  operates  in a pulsed  mode,  and  the  se- 
quential  series of events or pulses  applied  to  the  analyzer cell during  the  course of 
the experiment is characterized by a pulse  sequence.  Such a sequence  usually  starts 
with a quench  pulse to remove  ions  remaining from a previous  experiment  by  ap- 
plying a positive  potential  to  one trap electrode  and a negative  potential  to  the  op- 
posite  electrode to remove either positive  or  negative  ions.  An  ionization  pulse or 
accumulation  pulse  then either creates  ions  in  the cell or  allows  them to be intro- 
duced from an  external  source  (discussed later). A series of high-amplitude (or 
long-duration) rf ejection  pulses  or  reaction  delays  can  follow the ionization  event 
if it is desired  to isolate an ion of a particular d z  or  to  allow time for ion-mole- 
cule  reactions.  In the F7I’ mode,  the  Penning trap provides for multichannel  detec- 
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ure 17' Schematic  representation  of  the  Fourier  transform  ion  cyclotron  resonance 

(FT-ICR) excitation  and  detection  process. 

tion for all ions of different m/z present  in  the cell. A suitable rf pulse or frequency 
chirp 1721 is applied to the  excite  electrodes  to  excite all ions  virtually  simultane- 
ously to large  cyclotron  orbits,  where  their  induced  image  current  transients are 
detected  and  stored. 

Given  its  basis in frequency  measurement  (which  can be performed  with  ex- 
treme precision  and  accuracy)  and its image current detection  scheme, the FT-ICR 
approach  provides  a  number of advantages  over  other  types of mass  spectrometry, 
most  of  which  can be most  useful in elemental  analysis.  At  sufficiently  low  pres- 
sures  mbar),  collisions  with  background  molecules  are  minimized  and the 
transient  response  can be measured for increasingly  longer  times  (up to several 
seconds)  to  obtain  ultrahigh  mass  resolving  power  (MRP).  For  an  early  report of 
u l t r ~ i g h  M W  with  electron ionization, see Alleman  and  colleagues  [73].  As  will 
be seen from the  examples  given,  this feature of the F'T-ICR technique  has  been 
the one  most  emphasized  in  work to date. It should also be noted  that MRP is in- 
versely  proportional to ion  mass,  and so improves  when  relatively  low-mass  ele- 
mental  ions are analyzed. Ions of a  particular  mass-to-charge ratio can be isolated 
in the analyzer cell by  applying  a series of rf pulses  to  excite  ions of unwanted m/z 
to sufficiently  large  cyclotron orbits that  they  are  ejected  from  the cell [74].  De- 
tection of ions  in a Penning  trap is nondestructive in the sense  that the ions  remain 
in the trap after  mass  analysis. The same  packet of ions  can be measured  multiple 
times  to  improve  sensitivity  by  inverting the phase of the  excitation  waveform by 
180" to decelerate ions back  to  the  center of the cell before  remeasurement [ z ] .  
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Alternatively, introduction of a suitable inert collision gas  followed by 
quad~polar axialization 2761 has  been  used for remeasurement  experiments to pro- 
vide  significant  improvements  in the signal-to-noise  ratio. Quadmpolar axializa- 
tion  interconverts  any  two of the three diEerent motions of ions  in  the  ICR cell (cy- 
clotron,  magnetron,  and  trapping). Since cyclotron  and  trapping  motions are more 
readily  damped by collisions  than  magnetron  motion,  and  magnetron  motion leads 
most  directly  to  ion loss from  the cell, periodic quad~polar axialization  events  (ac- 
companied by a  pulse of  inert  collision  gas)  can  bring the same  ion  population  back 
to the  center of the cell (thus  axializing it) after either an  excitation  event  or  long 
trapping  times  that cause the ions to spread  out in the cell. This feature could be 
quite important for detection of trace  species from samples that are  limited  in  quan- 
tity. 

Other ??"R advantages include the ease of selectively  ejecting  unwanted 
ions  (including &+ from glow  discharge  or  inductively  coupled  plasma  sources) 
from the cell, leaving  only  analyte  ions of interest. Since ions of interest  can be 
trapped for extended  periods,  they  can  be  subjected to ion-molecule  reactions  and 
laser  irradiation for diagnostic  purposes. The pulsed  ion  detection  method is corn- 
patible  with  pulsed  ionization  sources. This feature may  not be important  given  the 
usual  operation of GD  and ICP sources  in  a  continuous  mode,  but at least one  ad- 
vantage of pulsed  operation is discussed  later. The need for low  pressures for de- 
tection  would  seem to argue  against  atmospheric  or near-atmosphe~c pressure 
sources,  but  development of external  ionization  sources  coupled  with  efficient in- 
jection schemes  has  made  this  coupling quite possible,  as is demonstrated at some 
length  later. 

Internal Ionization 

Most  analytical studies using  FT-ICR  mass  spectrometry,  where ions have  been 
produced inside (or just outside)  the  analyzer cell, have  used lasers as  ionization 
sources.  Other  than  some  very  limited CS secondary  ion  mass  spectrometry  (SIMS) 
studies [77], most  research  utilized  direct laser desorption  to form various  organic 
[78]  and  inorganic  [79] ions, including  metal  [80]  and  semiconductor [81] (in- 
cluding  carbon)  clusters.  More  recently  matrix  assisted  laser  desorption  ionization 
(MALDI) has been  used to form ions of high  molecular  weight  from  polymers [ 821 
and  many  classes of biomolecules [83]. 

Very few of these studies  were  directed at elemental  analysis.  They  concen- 
trated  on  analysis of molecular  ions  and  on  study of the structure  and  reactivity of 
cluster  ions.  Another  area of investigation, laser microprobe  mass  spectrometry 
using R-ICR mass  analysis  [84],  has  most  often  been  concerned  with  organic im- 
purities on and  in  materials.  However, it can be used to detect  elemental  ions  pro- 
duced by the laser desorption  process. 



External Ionization 

The vast  majority of recent  FT-ICR  studies  have  used  instrumentation  that  allows 
ions  to  be  generated  from  a  number of different  ionization  sources  external to the 
high  magnetic  field and then  to  be  transported into the analyzer cell for subsequent 
mass  analysis. A variety of instrumental  approaches  have  been  developed  to facil- 
itate such  ion  transport,  most  involving either electrostatic  ion lenses [SS] or 
[S61 or quadrupole [S71 and  octopole [SS] ion  guides.  These arrang~ments utilized 
several  stages of differential  pumping so that  relatively high-press~re external  ion 
sources  were  compatible  with  the  FT-ICR  detection  scheme,  which  requires quite 
low  pressures  in  the  analyzer cell for optimal  ion  detection at u l ~ a ~ g h - m a s s  re- 
solving  powers.  All of the elemental analysis  work  with FT"CR mass  analysis  re- 
ported  to  date  has  utilized  external  ion  sources, either glow  discharge,  inductively 
coupled  plasma, or electrospray.  Results for each of these  sources  are  discussed  in 
the  following  sections. 

Laser ~ e s o r ~ t ~ o ~ .  A laser microprobe  system  has been  used for surface 
analysis to detect both  organic  and inorganic species [SS], Although this instru- 
ment  was  not  developed  with elemental analysis in mind, studies of selected in- 
organic  compounds  have  been carried out, and elemental ions have  been  and  can 
be detected  with the system. One other  external  source that produces  atomic  ions 
should  be noted  here. A laser vaporization metal  ion  source [go] has produced  a 
wide  variety of reactant ions for use  in ion-molecule reactivity  studies.  In  almost 
all cases, pure  metals  were used to form the ions, and the intent of the research 
was  chemical  reactivity  studies  and  not  elemental  analysis. 

Glow Discharge Sources. Glow discharge (GD) ion sources and some of 
their applications using different mass  analyzers have been  discussed in earlier 
chapters of this volume.  Virtually all work that couples these sources to FT-ICR 
mass analyzers has involved dc discharges (see Chapter 2 for further discussion 
of the  types of GD sources). 

The  main  thrust of our  early GD studies  was  to demons~ate the feasibility 
of coupling  such  sources  to m-ICR mass  spectrometers,  and to explore  the  mass 
resolving  power  and  sensitivity  that  could  be  obtained.  The initial successful  ex- 
periments  [91]  utilized  a simple coaxial GD ion  source [W], and  some e~ementary 
ion  transfer  lenses.  Improvements  in  ion  transfer optics (such  as  a  conductance 
limit with  adjustable  voltages,  a  flight  tube,  and  a  decelerator just before  the FT- 
ICR  cell)  led  to  enhanced  ion  transport  and  performance  with  this  instrument  [93]. 
At  about  this  time,  another  group  reported  coupling  an rf discharge  to  an  FT-ICR 
mass  spectrometer [94], using  a  lensless  interface;  they  obtained  mass  resolving 
powers of ca. 40,000 for 63Cu'. 

The next stage in the develop men^ of GD-FT-ICR instru~entation involved 
a  collaboration  with  scientists  (primarily Dr. Clifford  Watson)  at  Bruker  Instru- 
ments,  Inc.  Using  the  improved  ion  injection  schemes  and  differential  pumping of 
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Use  of  ion-molecule  reactions  to  change  relative  ion  intensities. 2wPb+ and 
204Hg+ were  allowed  to  react  with  benzene  in  the  Fourier  transform  ion  cyclotron r e ~ o ~ ~ c ~  
(FT-ICR) analyzer  cell  for  progressively  longer  periods. 

their comercial   inst~ment [95], ~amatically improved  sensitivity  and  mass  re- 
solving  power (MW) were  obtained.  Separation of  19*Hg+ from 198Pt+,  with 
of 6~0,000 (full  width  at  half-height)  was  reported [96], and  many  other  a 
of the  technique  were  improved  and  characterized  [97]. The ability of l?'"- 
contain  ions  and  subject  them to ion-molecule  reactions  was also exploited.  Fig- 
ure  9.18a  shows  the GD-FT-ICR mass  spectrum of a  compacted  cathode  consist- 
ing of lead  oxide  (10%  lead by weight)  and  mercury oxide (10% ~ e r c u ~  by 
weight)  with  the  balance  as  silver  powder.  Mass  resolving  power of ca. 4~0,000 is 
seen. A very  simple  type of ion-molecule  reaction,  charge  transfer,  was  used to 
demonstrate  the  utility of this  approach to modifying  (and  improving) the relative 
intensity of analyte  ions of interest. The ionization  potentials of Hg, Pb, and  ben- 
zene are 10.44,7,42, and  9.25 eV, respectively.  Thus  Hg+  reacts  with  benzene,  pro- 
ducing  the  benzene  molecular  ion,  whereas  Pb+  does  not  react.  When  benzene  was 
admitted  to the FT-ICR analyzer cell at relatively  low  pressures,  and  the  Hg*  and 
Pb+  ions  reacted  with it for increasing  periods of time after being ~ a n s f e ~ e d  from 
the CD source, the ratio of the Pb*  to  Hg+  was  enhanced,  as is shown  in Fig, 
9.18b-d. 

tudies  addressed  the  advantages of pulsed  gas  glow  discharges 
CR i n s ~ m e n t .  The F"'I"1CR technique  requires  quite  low  pres- 

sures  in the analyzer cell to  obtain  the  highest  possible mass resolving  power,  since 



360 ~ u ~ ~ o r t h  et al. 

collisions of excited ions with  background  neutrals  darnp  the  ion  transient  response 
and  this  leads to broadened  peaks in the  mass  spectrum  after  Fourier  transforma- 
tion.  Although  ions  are  transferred from the GD source to the  analyzer cell by 
switching  several  ion  transfer  elements  to  appropriate  voltages for an  “ion  injec- 
tion”  time, the GD source is most  often  operated  in  a  continuous  mode,  with  a  con- 
stant  pressure  (ca. 1 torr) of argon  present.  Despite  several  stages of differential 
pumping,  some of this gas  makes its way to the FT-ICR  analyzer cell and  con- 
tributes to an  elevated  background there during  the  ion  excitation  and  detection 
process. By pulsing the GD  discharge  gas  on  and  off,  and  performing  mass  analy- 
sis in  the  analyzer cell while the discharge  gas  was off (and  thus the pressure  in  the 
cell was  lower),  improved  mass  resolving  powers  as  high  as 1,178,000 (FWHH) 
for 63Cu+  ions  were  obtained  [98]. 

the FT-ICR  approach  were  also  investigated,  using  a  probe-mounted  GD  source 
[99]. ‘The glow  discharge  source  was  found  to  operate quite satisfactorily  in  mag- 
netic  fields  as  high  as  1.5  tesla,  and  some  enhanced  sensitivity  resulted  from  this 
arrangement.  However,  the  difficulties of observing  and  monitoring  the  GD  process 
in a  source  mounted  remotely  within  the  (complicated)  differential  pumping  sys- 
tem  and inside the  high  magnetic  field  appear to outweigh  any  advantages  gained. 

Although  the  main  thrust of our studies  has  been  demonstrating  ultrahigh 
mass  resolving  power  in  order to separate  polyatomic  and  isobaric  interferences 
directly,  one  recent  study [ 1001 has  examined  the  precision of isotope ratio meas- 
urements  with  the  GD-FT-ICR  technique  and  compared it to that  obtained  with  a 
commercial  reverse  Nier  geometry  mass  spectrometer  (VG  9000).  Precisions of 
-0.32%  (relative  standard  deviation)  and  biases of less than 2.5% were found; they 
compare  favorably  with  values of  -0.13%  and 0.6% on  the  magnetic  sector  in- 
strument,  particularly  when the ultrahigh MRP capabilities  that  can  be  obtained by 
using  the  same  GD-FT-ICR  combination  are also considered.  Figure  9.19 is a 
schematic  representation of the inst~mentation in its current  form  in  the  authors’ 
laboratory  at  the  University of Florida. A 7-tesla superconducting  magnet  was  used 
initially  with  this  FT-ICR  mass  spectrometer,  providing  even  higher  mass  resolv- 
ing  power.  Figure  9.20  shows  mass  resolving  power of 1.7 X lo6 (full  width at half 
maximum) for the 58Fe+ ion, the  highest  ever  attained  in  glow  discharge  mass  spec- 
trometry. 

The advantages of placing  the CD source inside the magnetic  field  used  in * 

Inductively  Coupled Plasma Sources, The many advantages (ultrahigh 
mass  resolving  power, isolation of ionic species of interest, extended  ion trap- 
ping for ion-molecule studies, and ion remeasurement) that  FT-ICR  mass  analy- 
sis offers to GDMS also  hold  true  for inductively coupled  plasma  (ICP)  mass 
spectrometry. However, coupling  high-temperature,  atmospheric  pressure  ICP 
sources, rather than cooler GD sources, which generally operate at pressures of 
ca.  1  torr, to FT-ICR  instruments  poses  some  instrumental  difficulties. Since 1994 
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Figure 19 Schematic  representation  of  glow  discharge  Fourier  transform  ion  cyclotron 
resonance  (CD-FT-ICR)  instrumentation  currently  in  use  at  the  University  of  Florida. 

the Eyler  group at the University of Florida has been attempting to develop  and 
apply  ICP-FT-ICR  mass  spectrometry to elemental  analysis. 

Since the ICP source  operates  at  atmospheric  pressure,  similarly  to  an elec- 
trospray  ionization  (ESI)  source,  we  initially  attempted to modify an existing  ESI 
source  housing for use  with  an ICP torch  and  sampler,  with  differential  pumping 

m/Am,,2 = 1.7 x 106 58 + 
Ni 

57.9323  57.9337  57.9351  57.9365 
mass-to-charge  ratio 

Figure 20 Ultrtihigh  mass  resolving  power  mass  spectrum  of  58Fe+  from a glow  discharge 
(GD)  source  obtained  with a Fourier  transform  ion  cyclotron  resonance  (m-ICR)  mass  spec- 
trometer  equipped  with a 7-tesla  superconducting  magnet. 



provided by retaining the metal  capillary  used for desolvation  in  the  ESI  experi- 
ment [ 1011. This  approach  proved  unsuccessful,  although  valuable  insights  about 
the ICP ionization  process  and inte~acing requirements for FT-ICR  mass  analysis 
were  gained. 

A water-cooled s ~ p l e r - s ~ ~ r  ~ a n g e m e n t  from  a  commercial ICP mass 
spectrometer (VC Plasma  Quad)  was  next  attached  to  the  source  housing of a 

ruker  APEX  external  source  FT-ICR  mass  spectrometer,  Although  ions due to 
argon  and ICP plasma  impurities  were  detected,  no  analyte  ion  signals  could  be 
seen, We believed  this  resulted  from  excessive  spacing  between the extraction lens 
of the ICP source  and  the  ion  transfer  optics of our  mass  spectrometer.  This  prob- 
lem was  most  easily  solved  by  using  an  instrument [ 1021 in the laboratories of  Alan 
Marshall  at the National  h  Magnetic  Field  Laboratory that was  equipped  with 
a  wire-in-cylinder  ion  gu  at  could be positioned  only  a  few  centimeters  from 
the ICP source  extraction  lens.  Using  this  instrumentation the first  ICP-FT-ICR 
spectra  were  obtained  in  September  1996. The instrumental  combination  suffered 
from a  need for one  additional stage of differential  pumping  and  better  shielding 
of the  detection  electronics  but still achieved  sensitivities  in the high  microgram 
per liter (pg/L,)  range  and  a  mass  resolving  power  of 10,000 (10%  valley  defini- 
tion),  adequate for clearly  separating 40ArH+ from 41K+. The initial stages of our 
ICP-~-ICR development  discussed in this  paragraph  have  been  described  in  de- 
tail in a  recent  publication [ 1031. 

mentation  at  the  University of Florida [ 1041 in  order to provide  an 
of differential  pumping  and to allow  the  possibility of ion accumulation [88] and 
ion-molecule  reactions,  which  might  selectively  remove  unwanted  ions [S31 prior 
to ~ansfer  to  the  FT-ICR  analyzer cell. By using  this  instrumentation,  substantial 
improve~ents in  ICP-  ICR  figures of merit  have  been  obtained.  Figure  9.21 
shows  separation of 40Ar+ from  40Ca+,  with  a  mass  resolving  power of 260,000 
(m/A mlo, valley), higher by at least  a factor of 5 than  any  previous  ICP-MS  results. 
Figure  9.22 illustrates sensitivities  in  the  very  low  microgram  per liter range for a 
140-pg/L, sample of In. The l131n+ species,  present  in  only 4.3% abundance,  ex- 
hibits  a  signal-to-noise ( S N )  ratio of ca. 5, thus  indicating  a limit of detectability 
better  than 5 pgL. The instrumenta~ion used to obtain the results  shown  in  Figs. 
9.21  and  9.22 is shown  schematically  in  Figure  9.23. 

The very  promising  results  seen to date with  ICP-FT-ICR  instrumentation at 
the University of Florida indicate that  elemental  analyses  with  mass  resolving  pow- 
ers substantially  >100,000  and  sensitivities  in  the  mid-  to  low-microgram-per-liter 
range are quite attainable. It should also be noted  that  high  levels of&+ ions, which 
might  seriously interfere with the detection of minor  analyte ions, are not seen  in 
these  experiments,  and  those A r +  ions  that  are  present  can be ejected from the an- 
alyzer cell in  a  straightforward  manner  prior to detection  and ~uantitation of the 
analyte  ions  present in submicrogram-per-liter  concentrations.  Improvements  to 

An octopole  ion  guide  was  next  constructed  and  added to the 
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Ultrahigh mass resolving power  inductively  coupled  plasma (ICP) mass spec- 
trum that demonstrates separation of 40Ca+ fkom 40Ar+  obtained  with a Fourier transform 
ion  cyclotron resonance (FT-ICR) mass spectrometer equipped  with  a 3-tesla supercon- 
ducting magnet. 

the inst~mentation and  applications of this  powerful  elemental  method  are  con- 
tinuing.  In  particular, an interface is being  constructed  that  will  allow  the  ICP-oc- 
topole  ion  guide  source  currently  in  use  at  the  University of Florida to be  coupled 
with an FT-ICR system  utilizing a 6-tesla  magnet at the  National  High  Magnetic 
Field  Laboratory in Tallahassee,  Florida. 

~lectrospray Ionizatio~ Sources. We have carried out some  preliminary 
studies [l051 using electrospray ionization (ESI) sources to demonstrate advan- 
tages of the ultrahigh mass resolving power afforded by  FT-ICR mass analysis 
when  studying  the  often  complicated  spectra  produced by ESI of inorganic  salts. 
Figure  9.24 shows the ESI spectrum of a 1 X M solution of  Pb(NO,),, ob- 
tained after summing  32 transients of 128,000 data points. A capillary-skimmer 
voltage difference of 200 V was used, and ions were  accumulated in the bexa- 
pole  ion  guide associated with the electrospray source for 1 sec before transfer 
to the FT-ICR  analyzer cell. Both  peaks  due  to elemental Pb+  and  numerous oth- 
ers resulting  from  adduction of solvent  molecules (H,O  and  CH,OH)  and counter 
ions (CH,O-)  can  be  seen. 
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igwe 22 Inductively  coupled  plasma  (ICP)  mass  spectrum  demonstrating  better  than 
5 - p g L  limits of detectability. 

l OctoPole  tube  lens 
3 T magnet  ion  guide 
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., ..""*..: 
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t f I 
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igUre 23 Schematic  representation of inductively  coupled  plasma  Fourier  transform  ion 
cyclotron  resonance  (ICP-FT-ICR) mass spectrometer  used  to  obtain  spectra  shown  in  Figs. 
9.21 and 9.22. 
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ut%? 24 Electrospray  ionization  Fourier  transform  ion  cyclotron  resonance (ESI-FT- 
ICR) mass spectrum of Pb(NO,), solution. 

The advantages of high  mass  resolving  power for studies  such  as  these  can 
be seen  in  Fig. 9.25, where  peaks  in the mJz 237-mJz  240 range from Fig. 9.24 are 
detected with  much higher mass resolving power (100,000 full width at half- 
height).  The  207Pb(CH30)+  -20sPb(CH30H)+  and  208Pb(CH30)+ - 207~b(CH30H)+ 
“isobaric”  doublets  are  clearly  resolved.  Collision-induced  dissociation  (CID)  can 
be carried  out  on  ions of interest to probe  their  structures  further.  Figure 9.26 shows 
CID  results for the 208Pb(CH30)(H20)+ ion at m/z 256, which  was  isolated  by  a 
series of correlated  sweeps. Loss of both H20 and CH30H from the parent  ion is 
seen,  indicating  some  lability of one of the  hydrogen  atoms,  which  can  apparently 
be lost with either water  or  methanol. The Pb+ ion, resulting  from loss of both  lig- 
ands,  can also be  produced  in  the  CID  process. 

In  this  chapter,  both the benefits  and  the  limitations of quadrupole  ion trap and  ion 
cyclotron  resonance  mass  spectrometers  have  been  presented. The coupling of each 
mass  analyzer to atomic  ion  sources is at an  early stage of development  and  largely 
remains  a  novelty,  being  investigated by only  a  few  researchers  in  inorganic  mass 
spectrometry.  Meanwhile,  the  long-standing  utility of traditional  sector-based  and 
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linear  quadrupole-based  mass  analyzers is clear; most  problems  can  be  addressed 
with  these  instruments. The rapid  data  acquisition  and  simultaneous  analysis of 
time-of-flight  mass  spectrometry  fill  many of the needs  not  addressed  by  these  tra- 
ditional  approaches. So what  niche  will  the  trapping  techniques  fill? 

The  most  obvious  niche  will be filled  by  FT-ICR  mass  spectrometry.  The 
ability to mass  resolve  spectral  interferences is unequivocally  the  desired  analyti- 
cal approach  to  mass  analysis. There are a few  well-known  needs for high  mass 
resolution of atomic  isobars  in  which  the  most  abundant or mononuclidic  isotope 
is interfered;  however, the greatest  impact of  FT-ICR  may occur  in  the  analysis of 
nuclear  materials,  in  which  fission  products of unknown  isotopic  abundances  exist. 
The single  largest  impediment  to its implementation  will  likely be instrument  costs, 
but  the  potential for obtaining  the  necessary  resolution for most  interferences in 
the  elemental  mass  range by using a permanent  magnet-based  ICR  system  could 
reduce  such  costs,  making it an  attractive  alternative  mass  analyzer for atomic  spec- 
trometry. 

Quadrupole  ion  traps  will  most  likely  find  their  analytical  niche  in  the  abil- 
ity to store and  manipulate  ions  at  elevated  pressures,  affording  the  possibility of 
enhanced  mass  resolution  and  the  ability  to  integrate  transient or weak  signals  over 
time. The relatively  low  costs  and  small size of quadrupole  ion  traps  are  attractive 
benefits of these  analyzers.  It is true  that  many of the advantageous  ion-molecule 
reactions  and  collisional  cooling  effects  observed  in  these  devices  can be produced 
with  multipole  collision cells; such cells are  extremely  effective  means of remov- 
ing  many  common  interferences  in  plasma-source  mass  spectrometry. Yet when 
selective  analyte  accumulation,  ion-molecule  chemical  reactions,  or  collision-in- 
duced  dissociation is desired,  the  quadrupole  ion  trap is the  preferred  approach. 
The  quadrupole  ion trap also  provides a unique  opportunity for fundamental  stud- 
ies of low-energy  collisional  processes  involving  metal  ions or adducts. CID will 
most  likely  remain a less  desired  approach for removal of spectral interferences  in 
lieu of mass  resolving  power  and  charge  exchange  processes,  but  the  high  disso- 
ciation  efficiency  and  negligible  scattering  losses  that  can  be  obtained for even 
strongly  bound  polyatomic  ions do hold  promise of analysis free of  polyatomic 
spectral  interferences. 
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EZe~e~ taZ  ~ ~ e ~ i a t i Q ~  is the  identification  and  quantification of the chemical form 
of an  element.  Traditional  analytical  techniques for trace  elemental  analysis  have 
focused  on d e t e ~ n i n g  the concentration of a  particular element within  a  sample. 
However,  knowledge of total  element  concentration  may  not  provide  sufficient in- 
formation to determine  toxicity since the  toxicity of  many  elements is dependent 
upon  their  chemical foms. The oxidation state of the  element  as  well  as  the  or- 
ganic  substituents  attached to it may  have  a  dramatic  effect  on  the  biological  prop- 
erties observed.  As  a result, researchers  have  endeavored to develop new  and  bet- 
ter  analytical  techniques  that  are capable of performing  elemental  speciation. 

Elemental  speciation is most  often  required  when  analyzing  biological  and 
environmental  samples since the health  and  ecological  risks  associated  with  many 
elements are related to the chemical  forms  that  are  present.  All  methods  devised 
for speciation  comprise  two  basic  parts. The first  part  involves  separation of the 
various  species  without  altering of their  chemical  form. This task is usually ac- 
complished  through the use  of  some  type of c~omatography, although  novel  sep- 
arations for speciation  have  been  proposed  that do not  utilize c ~ o m a t o ~ r a p ~ c  
techniques.  After  separation,  a  detector  must  quantify  each  species.  Mass  spec- 
trometry  has  proved to be an  excellent  method of detection  because of its high  sen- 
sitivity,  low  detection limits, and  element  specificity.  Reviews detail the  use of in- 
ductively  coupled  plasma  mass  spectrometry  as  a  detection  method for speciation 
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studies [ 1,2], The  use of microwave  induced  plasma  mass  spectrometry ( M I ~ - ~ S )  
in speciation  studies  has  also  been  reviewed  [3]. 

Elemental  arsenic is used in alloys of lead  and  copper,  in se~conductors, and as 
an additive to the grid  metal  in  storage  batteries.  Arsenic  compounds  have  been 
used  as  pesticides  and  wood  preservatives 143. ~lthough arsenic is most  well h o w n  
for its  use as a poison,  some  evidence  suggests  that  trace  amounts  may  be  essen- 

ood  health [S], Inorganic  forms of arsenic  are  more  toxic  than  the  organic 
forms; arsenite, As (III), is the  most  toxic form of the  element,  followed by arse- 
nate, As (V), monomethylarse~ate, and  dimethylarsenate. 

Cadmium is used  in  electroplating,  alloys,  and  batteries,  and  in  some  instances 
as a stabilizer  for c e ~  plastics. Zmc ~ e r ~ s  contain ~ a ~ u m ,  so elevated  environ- 
mental  levels of cadmium  can  frequently  be  attributed to the  increased  dispersal 
of zinc and zinc  compounds  [S].  Cadmium has  no hown  funct io~ in the human 
body,  and uncomplexe~ forms of the  element  are  extremely  toxic  to  the  kidneys, 

~ ~ o m i u m  is used  extensively  in  metal  plating  and is found as a trace ele- 
ment in natural  waters.  Chromium is capable of a s s u ~ n g  oxidation states ranging 
from 2" to 6' with Cr (111) the  most  stable. ~ h r o ~ u m  (III) is essential for good 
health  in  humans as it plays a role  in  glucose  metabolism. C ~ o m i u m  (111) com- 
pounds  show little or  no  toxicity,  whereas  other c ~ o m i u m  compounds~ particu- 
larly c ~ o m i u m  (VI),  can  be  toxic  and c~cinogenic, 

Gold-based  drugs  are  used in the treatment of r~eumatoid arthritis,  but  their 
mode of action is poorly  understood, Cold (I) p h ~ a c e u t i c a l s  include sodium 
gold(I)thiomalate,  gold(I)thioglucose,  and (~ethyl~hosphine)(te~aacetylthioglu- 
cose) gold(1) [7], These  compounds  are  extremely labile and  are  quickly  trans- 
formed once they enter the  body @], Speciation of these  drugs  and  their  metabo- 
lites in  urine  and  serum  samples  may  offer insight into their mecha~istic pathways. 

The  neutral isotope of iodine is an  essential  element in the  human  body;  most 
of the iodine-  127 is located  in  the  thyroid  gland.  Iodine's radioac~ve isotope, io- 
dine-13 l ,  is readily  absorbed  in  the  body,  where it becomes  concentrated  in the 

cre ern  since it is produced by fission  reactions  in  nuclear  reactors  and 
by  nuclear w~apons tests. 

The role iron plays  in the lives of h u m ~ s  is s i g ~ ~ c a n t .  Iron is primarily 
used  in the p r o d u c ~ ~ n  of steel, and it is an essential  element  in  the  human  body, 
where it is part of the protein hemoglo~in, which is responsible for carrying  oxy- 

en.  Iron's  two princip~  oxida~on states  are  Fe (111) and  Fe (11), and a complex 
cycle  that is responsible for the  conversions  between  the  two  forms  exists  in  na- 

thy  and  may  produce  cancers.  Exposure  to  radioactive  iodine is an in- 
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plex  since  the  ion  may  exist  in  solution in a  number of diBerent forms, depending 
on  the  concentration of the  species  and  the  pH of the  solution. Some of the  forms 
V (V) may have in solution are  V0,(OH)2-, Vl0O2:-, V,002,(OH)5-, 
V,,02,(OH),4-,  and V02+; V (IV)  may  exist  as  VO(H20),2+  or V1804212- [13]. 

By  far the most  common  type of plasma  used for speciation  analysis is the  induc- 
tively  coupled  plasma  (ICP)  with  mass  spectrometry  (MS) or atomic  emission 
spectrometry ( A E S )  detection. The performance of the ICP-MS  system  has  been 
well  documented since its development  in  the  early 1980s by  the  Gray  and  Houk 
research  groups [ 14,151,  and it is now  used for a  wide  variety of applications  such 
as  environmental, clinical, geological, food, and  industrial  analysis. 

Figure  10.1 is a  schematic diagrm of a  typical  commercial  ICP-MS  system. 
The inductively  coupled  plasma is formed by directing  argon  gas  through  a  quartz 
torch,  comprised of three concentric  tubes  that  surrounded by a  copper  load coil 
connected  to  a  radio  frequency  (rf)  generator.  Radio  frequency  energy  (of either 
27 or 40 MHz  and  of  700-1500 W power) is directed  to  this  load coil, and  oscil- 
lating magnetic  and electric fields are induced  at  the  top of the torch. The forma- 
tion of the  plasma  occurs  when  a  spark is applied to the  tangentially  flowing  argon 
gas,  causing  the  formation of argon  ions. The free electrons from this process  are 
accelerated  by  the  magnetic  field  and  bombard  other  argon  atoms,  causing  further 

c 

re 1 Schematic  diagram of a  typical  commercial  inductively  coupled  plasma  mass 
spectrometry (ICP-MS) instrument: (A) liquid  sample, (B) peristaltic  pump, (C) nebulizer, 
(D) spray  chaxnber, (E) argon  gas  inlets, (F) load coil, (G) sampler  cone, (H) skimmer  cone, 
(I) ion  lenses, (J) quadrupole, (K) electron  multiplier  detector, (L) computer. 



ionization  in  an  avalanche  effect  and  subsequent  plasma  formation. The plasma is 
sustained by continuous  application of rf energy to the coil. The appearance of the 
plasma is an  intense,  luminous, tear~op-shaped discharge.  Samples  are  introduced 
to the  plasma  via  the  central  injector  torch  tube by means of a  carrier  gas,  com- 
monly  argon.  Liquid  samples  are  nebulized into an  aerosol  and  are  carried  to  the 
central channel by this  carrier  gas, also known  as  the nebuEizer gas ow. Once  the 
sample  has  reached the plasma,  desolvation  (in the case of liquid  samples),  va- 
porization,  atomization,  and  ionization  processes  occur.  Typical  ICP-MS  operat- 
ing  conditions for aqueous  sample  introduction  are  given  in  Table 10.1. 

Ions from the ICP are sampled,  using the sampling  and  skimmer  cones, 
which  are  usually  made of nickel,  although  platinum  cones are used  in  some in- 
stances. The ions  pass  through the apertures  in  these  cones into chambers  sustained 
at  low  pressure. The ions  are  focused into a linear path by using  ion  lenses,  held  at 
varying  potential  differences,  before  reaching the quadrupole  mass  analyzer,  where 
ions of only  one  mass-to-charge ratio are  transmitted at a  time. The ions  are  then 
detected by using  an electron multiplier,  where  each  ion  reaching  the  detector is 
amplified  as  an  electron  pulse. 

The ICP-MS has several  analytical  attractions  including  very  low  detection 
limits [parts  per  billion to parts  per  trillion  (ppb to ppt)  levels],  a large linear  dy- 
namic  range,  relatively  simple  spectra,  excellent  stability, ~ultielement determi- 
nation  capability,  and  ability to measure  isotopic  abundances.  Disadvantages  are 
mainly  due  to the formation of polyatomic  interferences from the plasma gas, en- 
trained  gases,  and  matrix  elements  such  as  Cl [ 161. 

Table 1 Typical  Inductively Coupled Plasma Mass 
Spectometry Operating Conditions 

Parameter Instrument setting 

Radio frequency forward power (W) 
Radio frequency  reflected  power (W) 
Plasma gas flow  (Llmin) 
Auxiliary gas flow (Lhin) 
Nebulizer gas flow rate (Lhin) 
Liquid sample flow rate (mVmin) 
Sample in~oduction system 

Nebulizer 
Spray chamber 

Pump settings 
Expansion stage pressure (mbar) 
Intermediate stage pressure (mbar) 
Analyzer stage pressure (mbar) 

1350 
<5 
16 

0.8-1.1 
0.7- 1 .O 

1 .o 

Concentric 
Scott-type double-pass 

<2 x 100 
4 x 10-6 

0.0 x 10-4 
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An alternative ion source for mass s p e c ~ o m e t ~  is the microwave  induced  plasma. 
It is used  less  commonly  than  the  ICP,  but it has  become  more  popular since the 
late 1980s for speciation studies.  Olson  and C m s o  [3] have  reviewed the investi- 
gations  regarding the helium  microwave  induced  plasma. The main  advantages for 
using this alternative  plasma  source include the  requirement for reduced gas and 
power  consumption  along  with  the  possibility of utilizing  gases  other  than  argon. 
The argon ICP (ionization  potential 15.75 eV) is not  an  efficient  excitation  and  ion- 
ization  source for elements of high  ionization  potential,  such as Cl, As,  and Se. The 
helium  plasma  (ionization  potential  24.5  eV)  may  therefore  enhance  the  degree of 
ionization for these elements. Isobaric interferences produced by polyatomic 
species  in  the  argon  ICP-MS  are also eliminated  by  the  use of helium.  Because of 
heat  dissipation  requirements,  He  microwave  induced  plasmas (MPS) do not  cause 
marked  deterioration of the sampling  orifice. There are  no  commercial  MIP-MS 
instruments  available to date, although a gas  chromatograph  with MIP atomic  emis- 
sion  detection  has  been  manufactured [ 171. 

gaseous  sample introd~ction, developed by the  Caruso  group.  This is the  most  pop- 
ular  method of sample  introduction to date for MIP-MS  analysis as the MIP at  low 
pressures is not  tolerant to liquid  samples. A commercial  ICP-MS  system  may  be 
modified  by  mounting  an MIP discharge  source  in  place of the ICP source. A 
Beenakker  cavity is commonly  used as the microwave  source  and  serves to focus 
the  microwave  energy.  Cavity  construction  and  dimensions  have  been  described  in 
detail by Evans et al. [ 1 S]. 

Figure  10.2 is a schematic diagrarn of a helium MIP- 

Skimmer  Sampler 
cone cone MIP 

Analyte 

Plasma Gas 
Expansion  Stage 

Schematic  diagram of a typical  microwave  induced  plasma  mass  spectrometry 
(MP-MS) instrument. 
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The  cavity is connected  to  a  microwave  generator  and rf energy is applied. 
This  energy is tuned inside the cavity by using  tuning  stubs,  as  opposed to a  match- 
ing  network  tuning  method  used  with  the IC€? The cavity is water-cooled to dissi- 
pate  heat  and to increase  longevity. The microwave  plasma is initialized  by  setting 
the plasma  gas flow  and  inserting  a  copper  wire into the  torch. The power is then 
increased  and  ignition  takes  place  spontaneously.  After ignition, normal  operating 
conditions  are  set. The optimal  operating  conditions for low-pressure  He-MIP-MS 
are  given  in  Table  10.2. It should be noted  that  reduced  orifice  sampling  cones  are 
used for low-pressure  He-MIP-MS  to  minimize  air  entrainment  and  background 
species  and to allow easier achievement of necessary  vacuum  conditions. 

~nte~acing Liquid Chromatography  with ~nductively  Coupled 
Plasma Mass Spectrometry 

Liquid c~omatography (LC) is the  most  commonly  used  technique for trace  ele- 
ment  speciation  with  ICP-MS  detection. The mobile  phase  flow  rates  used  with 
most LC techniques  (0.5-2.0  mL min-l) are  compatible for ICP-MS  introduction 
using  conventional sample introduction systems (pneumatic  nebulization  with 
cross flow  and  concentric  nebulizers  and  double-pass  spray  chambers).  An  inter- 
face, known  as  a t r ~ ~ s ~ e ~  line, must  be  constructed  to  allow  connection  between 
the outlet of the LC column  and  the  nebulizer of the ICP-MS.  Inert  plastic  tubing 
is commonly  used for this  purpose  with the inner  diameter  and  length  kept to 20-50 
cm in  order to minimize  peak  broadening. 

Conventional  ICP-MS  sample  introduction  systems  with  pneumatic  nebu- 
lization  are  inefficient  as the amount of sample  reaching  the  plasma is generally 
less than 2%  of the  amount of sample  actually  entering the nebulizer. To obtain  im- 

Microwave Induced Plasma Mass Spectometry Operating 
Conditions 

Parameter Instrument setting 

Radio frequency power (W) 
Torch 
Plasma gas flow rate (Llmin) 

25-500 W 
Tangential  flow 

5.0 
Intermediate gas flow rate (Llmin) 0.12 
Sampling orifice (m) 0.4 
Expansion stage Additional 53 ft3lmin  vacuum  pump 
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proved  sensitivity  and  superior  detection limits, nebulizers  with  higher  transport 
efficiencies  must be employed.  Oscillating  capillary  nebulizers [ 191, ultrasonic 
nebulizers  [20],  direct  injection  nebulizers  [21],  and  hydraulic  high-pressure  neb- 
ulizers [L221 have all been  shown  to  increase  sensitivity  and  improve  detection  lim- 
its for LC-ICP-MS. 

It must  be  noted  that  increasing  the  amount of solvent in the ICP produces 
a  higher  load  on  the  plasma  and  an  increase  in  reflected  powers,  causing  plasma 
instability.  Desolvation of the  sample  aerosol  may  overcome  this  hurdle  and is 
achieved by the use of a  cooled  spray  chamber.  In  addition,  Peltier  coolers  and 
membrane  dryers [23] have  been  used for desolvating  liquid  aerosols  and elimi- 
nate  approximately 90% of the  aerosol  (Fig.  10.3).  Spray  chambers  may also im- 
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(a)  Schematic  diagram  of Pema Pure  Membrane  drier.  (From  Ref. [23]. (b) 
Schematic  of  Peltier  driven  condenser.  (From  Ref. 23). 
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prove  sample  transport  efficiency,  and  their  effect  has  also  been  examined for LC- 

Most  LC-ICP-MS  hyphenation is performed by using isocratic elution.  Gra- 
dient  elution  may be used to improve  retention  times  and  partition  functions for a 
chromatograp~c separation  with  conventional LC detectors,  but  difficulties  arise 
when  gradients  are  introduced into the ICP. The changing load on the plasma  due 
to the variations  in  mobile  phase  composition  often  causes  plasma  instability.  In 
addition,  optimal  operating  conditions  evaluated for one mobile  phase  combina- 
tion  may  not be valid  when  an  organic  constituent  concentration is increased. 

Time  resolved  analysis is essential for monitoring of c~omatographic sep- 
arations.  Rapid data acquisition  may  now  be  performed,  using  ICP-MS  instruments 
equipped  with  software  capable of mo~toring signal versus time at several  differ- 
ent mlz values. 

Liquid  chromatographic  analyses  with  ICP-MS  detection  may be divided 
into categories  according  to  the  mode of chromatography  used:  reversed-phase, 
ion-pair,  micellar,  ion-exchange,  and  size-exclusion c~omatography. 

ICP-MS  [24]. 

Reversed-Phase Liquid Chromatography 

Reversed-phase  liquid  chromatography  (RPLC)  separates the analytes of interest 
by  using ~ h r o m a t o ~ r a p ~ c   c o l u m s  where  the  stationary  phase  surface is less polar 
than the mobile  phase. The solute  interacts  with the stationary  and  mobile  phases, 
and  separation of the  species is thus  achieved. The organic  modifier or its concen- 
tration  may be changed  in  order  to  change the selectivity of the separation;  how- 
ever, the choice of organic  solvent is limited to those  that do not  significantly  af- 
fect plasma  stability  and  instrument  performance.  Methanol  and  acetonitrile,  in 
combination  with  water,  have  been  used for such  separations. 

C,,,  C,, or C, siloxane  stationary  phases  may  be  used for reversed-phase  sep- 
arations.  Mobile  phases of high  pH  values  should be avoided  as  hydrolysis of the 
siloxane  stationary  phase  occurs  and so the  packing  material  degrades  over  time. 
Phosphate or acetate  buffers  may be used to control  the  pH of the  mobile  phase, 
although the concentration of these salts should  be  kept to a  minimum so that  clog- 
ging of the  torch injector and  sampler cone does  not  occur. 

Reversed-Phase Liquid Chromatography-Environmental and 
General Applications 

Reversed-phase  liquid  chromatography  (RPLC)  with  ICP-MS  detection  has  been 
used for speciation  studies of environmental  and  more  general  analytical  samples. 
Butyltin  compounds,  used in polyvinyl chloride production;  and  in  fungicides  and 
insecticides,  have  been  separated  by  Dauchy et al. C251 using  a methano~water/ 
acetic  acid  mobile  phase (80: 145) that  had  previously  been  optimized for this  sep- 
aration.  Monobutyltin  (MBT),  dibutyltin  (DBT),  and  tributyltin  (TBT)  compounds 
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were  separated  by  using isocratic elution of the mobile  phase;  detection limits for 
the  three  compounds  were  0.24  ng,  0.24 ng, and  0.15  ng,  respectively  (as Sn), 

Lead  speciation  (inorganic lead, trimethyllead  chloride,  triethyllead  chlo- 
ride,  and  triphenyllead  chloride)  has  been perfomed by  Al-Rashdan et al. [X]. 
Despite  previous  use of a  gradient  elution  (10% to ?0%  methanol in water)  with 
inductively  coupled  plasma  atomic  emission  spectrometry (ICP-N3S) detection, 
an isocratic elution  was  used  with  ICP-MS  detection  because gradient elution 
causes plasma  instability. A 30% methano~water mobile  phase  was  used,  along 
with  a C,, column,  and  the  pH  was  optimized  by  using  acetate  buffer. 

Mercury  compounds  in  tuna  samples  have  been  speciated  by  Bushee et al. 
[27]  and by Huang  and  Jiang  [28]  in  dogfish  muscle  and  wastewater.  Methyl  mer- 
cury,  ethylmercury,  and  inorganic  mercury  may  be di~erentiated with  picogram 
detection limits (Fig.  10.4). 

Tellurium  speciation in water  samples  from  a  treatment  plant  has  been  per- 
formed  by ~ i ~ e n b e r g  et al.  [29]. Te0,2- and HTe04- were  separated  along  with 
1 1 unidentified  organic Te compounds.  More  structural i n f o ~ a t i o n  was  not  avail- 
able  as  a  result of complete  decomposition of the  compounds in the  plasma. 

hase Liquid Chromatography-Clinical ~ ~ p l i c ~ t i o n s  

The iodide ion, I-, and  five  iodo-amino  acids,  found  in  thyroid  hormones,  have 
been  separated by using ~ ~ C - I C P - M S  [30]. A 50% methanol  eluent  was  used 
and  the  detection limits (35-130  pg)  were  improved  by  an order of magnitude  com- 
pared  to  that of ultraviolet (VV) absorbance  detection. 

ii: 

2 

I l I 

0 4 8 12 1 
Tim~/min 

~erc~~-se lec t ive  chromatogram  for (1) CH,HgCl (20 ppb); (2) Hg2+ (10 ppb); 
(3) C2H,HgCl(20  ppb). (From Ref. 28.) 
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The mercury  containing  compound,  thimerosal,  has  found  use  as  an  antimi- 
crobial  agent  and is employed in biological  vaccines  and  contact lens solutions. 
The decomposition  products,  methylmercury  chloride,  dimethylmercury,  and  mer- 
cury (111) chloride,  have  been  separated by using  RPLC  with  a  C,,  column  and  a 
3% acetonitrile  mobile  phase  [27,31].  Long-term  degradation of thimerosal  was 
demonstrated  with  complete  recovery for all  species. 

Platinum is now  used  in  a  variety of chemotherapy  drugs that completely 
metabolize  in the human  body to a  number of platinum  containing  species. Cairns 
et al. E231 separated the drug  from its metabolites,  using  a  C,, colum and a 955 
to 30:70 H~O/acetonitrile solvent  gradient. A desolvation  device  was  used to re- 
move a significant mount of the  organic  solvent. 

Selenium  species  have  been  separated by using  RPLC  with an oscillating 
capillary  nebulizer [ 191. A C,,  column  was  used  along  with  an  optimized  mobile 
phase.  Detection limits were  found  to be in  the  30-to  400-pg  (as Se) range,  de- 
pending  on the Se species  (Fig. 10.5). 

Owen et al.  [32]  used  RPLC to speciate  Zn  compounds  in  an  in  vitro  gas- 
trointestinal  digest  of  chicken  meat. C,  and  C,,  columns  were  connected  in  series 
to achieve the separation. It was  found  that  time  resolved  acquisition  software 
needed  improvement for peak  areas to be  determined. 

Separation of mixture of  five selenides: 166 ng of each species in l-@L injec- 
tion, Se m/z = 82: (a) oscillating capillary nebulizer  (OCN) at 0.4-dmin on 25 cm X 3.2 
mm i.d.  C,, column; (b) OCN at 50 pL/min  on 25 cm X 1.0 rnm i.d. C,, column. (From 
Ref. 19.) 



384 Sutton et al. 

lon-Pair ~hromatography 

A variation of reversed  phase  chromatography,  known  as ion-pair c~ro~atogra-  
phy (PC), is currently one of the most  popular  techniques for speciation  studies 
when  coupled  to  ICP-MS.  Both ionic and  nonionic  species  may be separated  by 
this  technique,  and  both  normal  and  reversed-phase  modes  may  be  used,  although 
only  the  latter  has  been  successfully  interfaced  with  ICP-MS. The technique  em- 
ploys  the  same  columns  used  with  reversed-phase  LC,  with  a  mobile  phase  con- 
taining  an  organic  solvent  (usually  methanol or acetonitrile),  an  aqueous  buffer, 
and  an  ion-pairing  reagent.  This  ion-pairing  reagent  forms  an  ion  pair  with the an- 
alyte  species  and is retained by stationary  phase  interactions.  Alkyl  anions  (e.g., 
tetraalkylammonium salts) or cations (e.g.,  alkylsulfonates)  may be used to form 
ion  pairs at a  concentration of 0.001 to 0.005 M .  Separations  and  selectivities  are 
highly  dependent on pH and ian-pair reagent  concentration. 

lon-Pair Liquid Chromatography-Environmental, Clinical, 
and General Applications 

The speciation of arsenic  compounds,  using  IPC  and  ICP-MS  as  a  detector,  has  re- 
ceived  much  attention [33-391. Beauchemin et al. [33,34] used  IPC for the analy- 
sis of arsenic  species  in  dogfish  muscle. "be ion-pair  reagent  was l 0  pM sodium 
dodecylsulfate in a 5% methanol, 2.5% glacial  acetic  acid  mobile  phase at pH 2.5 
with  a  C,,  column. The toxic  inorganic  species,  As (111) and  As (V), as  well  as  the 
less toxic organoarsenic species, monomethylarsenic  (MMA), dimethylarsenic 
(DMA),  arsenobetaine  (AB),  and  arsenocholine  (AC),  were  separated. AB  was the 
dominant  species  and  constituted 84% of the total arsenic  concentration  with  a  de- 
tection  limit of 300 pg  (as  As). 

Arsenic (m/z 75) is known to suffer from an  isobaric  interference  caused by 
the  presence of Arc]+ (mlz 75) during  speciation  analyses,  particularly for samples 
that  contain  a  high chloride salt content, e.g.,  sea  water  and  urine.  Several  groups 
[37-391 used  hydride  generation  to  transform  the  arsenic  compounds into their 
volatile  hydrides  before  aspiration into the ICP. Selective  transportation of the  hy- 
drides  may  thus  be  achieved  by  using  a  gas-liquid  separator to eliminate  the  chlo- 
ride  interference  (Fig.  10.6). 

In  environmental  and  clinical  samples,  IPC-ICP-MS  may be used for sele- 
nium  speciation E40-421. Selenite, selenate,  and ~methylselenomi~m were  sepa- 
rated by  Yang  and Jiang [40], using  a  mobile  phase  containing 3% methanol  and 
5 M PIC-A  ion-pairing  reagent.  An  ultrasonic  nebulizer  was  used for improved 
sample  transport,  yielding  detection  limits of 22-74 pg Se for the three  species,  re- 
spectively. Selenite was  found to be the most  abundant  species  in  urine  and  uniden- 
tified  peaks  were  attributed to selenoaminoacids. 

Three such seleno~noacids  were  separated  and  identified  in  a  study  by 
Olivas et al. [42]. Selenomethionine  (SeMet), selenocystine (SeCys), and the 
trimethylselenomium  ion  (TMeSe+)  were  separated by using  an  anionic  counter 
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Schematic drawing of a  gas-liquid  separator. (From Ref. 37.) 

ion so that  on-column  retention  was  greater for the TMeSe+  species. An optimized 
methanol  water  mobile  phase  was  used  at  pH 4.5 and  detection  limits  were 0.20, 
0.10, and 0.20 p g L  for SeCys,  SeMe,  and  TMeSe+,  respectively, 

A number of studies  have  been  concerned  with  the  separation of lead  com- 
pounds [26,43"45]. Al-Rashdan et al. E261 compared  reversed-phase,  ion-pairing, 
and  ion-exchange LC modes for the separation of inorganic  lead (Pb2+), trimethyl- 
lead chloride (TML), triethyllead chloride (TEL),  and triphenyllead chloride 
(TPhL).  Each LC mode  was  optimized for pH  and  organic  modifier  concentration. 
It  was  found  that the best  separations  were  obtained by using  the  isocratic  reversed- 
phase  LC  mode  (Fig. 10.7). A gradient  elution  would  have  been  desirable  but  was 
unfeasible  because of plasma  instability. A further study 1441, however,  used  IPC 
with  PIC-B5  ion-pair  reagent  and  methanovwater  mobile  phase for the successful 
separation of inorganic lead, E L ,  TPhL,  and TEL with  detection limits in the range 
0.17-3.9 ng of Pb, respectively. 

Both  lead  and  mercury  speciation  has  been  performed  by  Shum  and  cowork- 
ers [43]. Direct  injection  nebulization  and  an  ion-pair  separation  with  a  microbore 
LC column  were  used  with  ICP-MS  detection. A mobile  phase of 20:80% vlv  ace- 
tonitrilelwater  with 5 M ammonium  pentanesulfonate ion pairing  reagent at pH 
3.4 was  used to separate  inorganic lead, inorganic  mercury,  and  three  organomer- 
cury  species.  Detection limits, based  on  peak area calculations,  were 0.2 pg of Pb 
for all the  lead  compounds  and 7-18 pg  of  Hg for the mercury  compounds.  Spiked 
urine  samples  were  analyzed to evaluate  the  performance of the  method. 

IPC  has  been  used  by  the  Caruso  group for organotin  speciation [46"49]. 
The effect of inorganic  tin chloride on the separation of "MT, TBT,  and TPhT has 
been  investigated [46], A PRP- 1 column  was  used to achieve  baseline  separation 
at pH 6 using  IPC.  Further  work [47"49] used  supercritical  fluid  extraction to ex- 
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rime (rnin) 
7 Liquid chromatography  inductively coupled plasma mass  spectrometry (LC- 

ICP-MS) chromatogram of a standard mixture of organolead  and inorganic lead compounds 
(Pb2+, TML, and TEL) using reversed-phase HPLC. Mobile phase, 0.1 M ammonium ac- 
etate, and 0.1 M acetic acid at pH 4.6,30% ethanol. Flow rate 1 mL/min. (From Ref. 26.) 

tract TBT and TPhT from  biological  samples  before  separation. Opti~zat ion of 
extraction  temperature,  pressure,  and  modifier  was  performed  to  increase  extrac- 
tion  efficiency. 

The speciation of Cr (111) and  Cr  (VI)  has  been  performed by Jahbowski et 
al. C221 with  IPC-ICP-MS  and  hydraulic  high-pressure  nebulization. A mobile 
phase of  25% methanol,  onium acetate,  and  an  ion-pair  reagent  (tetrabuty- 
l a ~ o n i u m  acetate)  was  used.  Oxygen  addition  was  used  to  reduce  carbon  inter- 
ferences  from  the  high  organic  content  in  the  mobile  phase,  along  with  desolvation. 

Platinum  speciation  using  IPC-ICP-MS  has  been  achieved  by  Zhao et al. 
[SO]. An ODS C,,  column  and l-heptanesulfonate ion-pairing  reagent  at pH 2.6 
were  used to separate  the  metabolites of cisplatin  and  cisplatin  hydrolysis  prod- 
ucts. The low  pH  was  required in order  to  retain  thiol  containing  complexes.  All 
complexes  were  resolved  and  urine  and  blood  samples  were  analyzed by the  spe- 
ciation  method. 

iceilar Li~uid ~~romatog r~phy  

Micellar  liquid c~omatography (MLC) is another  variation on reversed-phase  and 
ion-pair c~omatography. In  this  mode,  the  counter  ion is a  surfactant of high  con- 
centration  and  a  long-chain  hydrocarbon.  Micelles  form  when  the  concentration 
of the  surfactant is increased to the  point at which  aggregation  occurs  and  spheri- 
cal  particles  are  formed. The hydrophilic  parts of the long-chain  hydrocarbon  are 
oriented  toward  the  outside of the sphere  with  the  hydrophobic  end  in  the  center 
of the  sphere. A mixture of compounds of varying  polarity  partitions  between  the 
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stationary  phase,  the  micellar  hydrophobic  phase,  and the micellar  hydrophilic 
phase so that ionic and  nonionic  compounds  may  be  separated. 

icellar Liquid ~hromato~r~phy-Applications 

There are  few  applications of MLC  with  ICP-MS for speciation  studies to date. 
Alkyltin speciation has  been  performed by Suyani  and  coworkers [5 11. 
Trimethyltin chloride (TMT-Cl),  triethyltin chloride (T’ET-Cl), and  tripropyltin 
chloride (TPT-Cl)  were  separated  by  using a C,,  Spherisorb  column  and  0.01 M 
sodium  dodecylsulfate  (SDS), a negatively  charged  surfactant, to form the mi- 
celles.  Detection  limits for the three alkyltin  species  were  in the range 27-1 1  1  pg 
(Sn). The conce~~at ion of SDS  was  increased to 0.02 A4 for the separation of  mo- 
noethyltin chloride (MET-Cl),  dimethyltin chloride (DMT-Cl),  and  TMT-Cl  with 
detection limits in  the  range 26-126  pg (Sn).  It  should  be  noted  that  the  capacity 
factor (k’) of an  analyte  during a separation  should be kept to a minimum.  In- 
creasing  the  micelle  concentration  lowers k‘, but  care  must  be  taken  to  prevent  ex- 
cess salt  buildup. It is important  that,  with  MLC, the concentration of the  surfac- 
tant is kept  below  0.1 M to  prevent  clogging of the  torch  injector  and  sampling  cone. 

Further  work by the C m s o  group [52]  used  MLC for arsenic  speciation  stud- 
ies with detection by  ICP-MS.  As (111),  As (V), dimethylarsenic (DMA),  and 
mono~ethylarsenic (MMA) were  separated  (Fig.  10.8). Cet~l t r imethyla~onium 
bromide (0.05 2M) was  used to form  the  micelles  along  with a mobile  phase of 10% 
propanol  and  0.02 M borate as buffer.  “Dirty samples” such as urine  were  analyzed 
easily by this  method of LC. 

Time (min) 

Chromatogram of mixture of four arsenic standards, Hamilton  PRP-1 column; 
chromatograp~ic conditions 0.05M CTAB, 10% propanol, pH 10.2, column temperature 
40°C, mlz = 75. (From Ref. 52.) 
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 on-Exchange Chromatography 

Ion-exchange  chromatography  (IEC)  employs  the  mechanism of exchange  equi- 
librium  between  stationary  phase  surface ions and  oppositely  charged ions in the 
mobile  phase.  Analyte  counter  ions  compete for the  ion  son  the  stationary  phase 
and  the  relative  afiniites  of  the solute ions  determine  the  extent of the retention. 
Ion-exchange  chromatogrphy  may be performed  in  two modes-cation exchange 
chromatogrphy,  in  which  the  stationary  phase  resin  contains  sulfonic  acid  groups 
or carboxylic  acid  groups,  and  anion  exchange  chromatography,  in  which the resin 
contains  primary or quaternary  amine  functionalities. Styrene and  divinylbenzene 
are  used to form the ion-exchange  packing  materials,  and the cationic  or  anionic 
groups  are  bonded to this  surface. 

Neutral  and  charged  species  may be separated  by  using IEC. In  addition,  the 
introduction of an  organic  modifier  to the mobile  phase  may  influence  a  separa- 
tion,  as do the ionic  strength of the solute, the pH,  the  temperature, the buffer  con- 
centration,  and the liquid flow  rate. 

Anion-Ex~hange ~hro~atography-Applications 

The majority of work  performed by anion-exchange  chromatography  (AEC)  with 
ICP-MS  detection has been  developed for arsenic  speciation  studies [53-601.  As 
mentioned  previously,  the  analysis of  As  by  ICP-MS is inherently  affected by the 
isobaric  interference for ArCl+. In the analysis of urine, this is sig~ficant, as the 
concentration of  NaC1  in urine is commonly  five  orders of magnitude  higher  than 
that of  any arsenic  species  present.  Anion-exchange  chromatography  has  been  suc- 
cessfully  used  to  separate Cl- chro~atographically from  the  arsenic  species  [53]. 
A Wescan  anion-exchange  column  was  used  with  a  phthalic  acid  mobile  phase.  Di- 
lution of the urine  samples  was  performed. In addition,  nitrogen  addition has been 
used  in  an  attempt to remove the &Cl+  interference  [60]. Steps must  be  taken to 
ensure that the speciation of compounds in a  sample is not affected  by sample pre- 
treatment.  Harsh  sample  preparation  may cause oxidation of arsenic  species,  par- 
ticularly of As (111) to As (V) [%], which  results  in  inaccurate  speciation  quantifi- 
cation  and  identification. 

Anion-exchange  chromatography  (AEC)  has  been  used  extensively for Se 
speciation  studies  [41,61]. Selenate and selenite have  been  separated  by  using  pre- 
concentration  steps to improve  detection  limits.  Preconcentration  steps  are  some- 
times  essential for LC-ICP-MS  analyses  as  ultratrace  levels  found in some  envi- 
ronmental  samples  are  undetectable by ICP-MS.  Organoselenium  compounds  have 
also been  separated from the  inorganic forms, using  anion  exchange  chromatog- 
raphy  and  a  salicylate  mobile  phase  at  pH 8.5 [41,61]. 

Chromium  speciation by using  anion-exchange  chromatography  has  also  re- 
ceived  much  attention  in  recent  years  because  the  element is both  essential to hu- 
mans  and  toxic in large  doses [62-661. Cr (111) and Cr (VI)  may  be  separated  by 
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anion-exchange  LC,  but  the Cr (111) species  had to be stabilized in this  study.  This 
is commonly  achieved  by  a  chelation  procedure  with  ethylene  diamine  tetraacetic 
acid  (EDTA)  [63,64] or another  complexing  agent.  Byrdy et al.  [63]  used  an m- 
monium  sulfatelammonium  hydroxide  mobile  phase  with  an  IonPac As7 mixed 
mode  column.  Because of a  polyatomic  interference  from SO+ formation the mlz 
53 isotope  may be monitored  instead of the mlz 52 isotope; however, the mlz 53 
isotope  may also suffer from a  possible  chloride  interference  (Fig.  10.9).  Absolute 
detection limits for Cr (111) and  Cr  (VI)  were 40 and 100 pg,  respectively. 

Heumann et al.  [67]  used  anion-exchange  chromatography to speciate iodide 
and iodate in  mineral  water samples. Iodate concentrations were  in the range 
0.5-20 m g l d  and iodide concentrations  were 0.1-5 n g l d .  

The metabolic  pathway  and  degradation of gold  based  drugs  in the human 
body  are  not  completely  understood.  Gold  drug  metabolites,  as  well  as  Zn  and  cop- 
per  species,  in  human  blood  have  been  separated  by  using WC-ICP-MS [68]. A 
mobile  phase liner gradient  was  successfully  used,  starting  with  20 mM aqueous 
Tris  buffer at pH 6.5. Two  Au species  as  well  as three Zn  and four Cu  containing 
species  were  separated. 

Cation-Exchange Chro~atography-Applications 

There have  been  few  elemental  speciation  studies  in  the literature involving  cation- 
exchange  chromatography  (CEC)  coupled to ICP-MS. A cation-exchange  column 
was  used  by  Larsen et al.  [57,69] for arsenic  speciation  in  several  seafood  sample 
extracts. The chromatography  was  optimized for the separation of arsenocholine, 
trimethylarsinic,  trimethylarsine  oxide,  inorganic  As,  aqd  two  unknown  cationic 
arsenic  compounds. A mobile  phase of 20 mM pyridinium ion, at pH 2.65, was 
used  to  perform the separation  (Fig.  10.10). 

Organotin  compounds  have also been  separated by this mode of chro- 
matography  [48,70].  In the former  study  [48],  cation  exchange  was  compared to 
IPC  and  was  found to give  a  superior  linear  dynamic  range for the separation of 
tetrmethyltin chloride,  tetrabutyltin  chloride,  and  tetraphenyltin  chloride.  In the 
latter study [70] a mobile  phase of 0.30 M ammonium acetate in 60:40 
methanollwater  with  a  pH  gradient of 6 to 3  in 1 min  was  used  successfully  to  re- 
solve  tetrabutyltin  and  dibutyltin. 

The speciation of vanadium  (IV)  and  (V) has been  performed  by  Tornlinson 
et al. [7 l], using  an  Alltech  Adsorbosphere  cation-exchange  column  and  ICP-MS 
detection.  Single-ion  monitoring at mlz 5 1 was  used for data acquisition, The mo- 
bile  phase  was  7 mil4 2,6-pyridine  carboxylic  acid  and  9.6 mM lithium hydroxide 
at pH 4.0  (Fig.  10.1 1). 

Size-Exclusion Chromato~raphy 

Size-exclusion  chromatography  (SEC), or gel  permeation  chromatography  (GPC), 
separates  species  on the basis of molecular  size.  Molecular interactions between 
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Chromatograms of a mixture of Cr (111) (60 ng) and Cr (VI) (100 ng)  with sin- 
gle-ion  monitoring at mlz S2 and mlz S3 showing  signal-to-background ratio at the latter 
mlz Value. Conditions: pH 9.2, flow rate 2 tnLlmin, 35 mM (NH4),S04. (From Ref. 63.) 
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Cation exchange liquid chromato~raphy inductively coupled plasma  mass 
spectrometry  (LC-ICP-MS) of arsenic species spiked in (a) aqueous solution and (b) urine 
diluted (1 + 3). Amount of each species injected 0.44 ng.  Peaks: (1) DMA; (2) As (111); (3) 
MMA; (4) As (V); (5) AsB; (6) TMAO; (7) AsC; (8) TMAs. (From Ref. 69.) 

the analyte  and the stationary  phase  control the retention of the  species.  Large  mol- 
ecules  are  eluted  before  smaller  molecules as the latter  sample a greater  pore  vol- 
ume:  i.e.,  their  path  through the column is longer.  Solvent  molecules  are  eluted at 
the  end of the separation,  in  contrast to the LC methods  mentioned,  in  which  the 
components  are  eluted  after the “deadtime.” 

Size-Exclusion ~hro~ato~raphy-A~plications 

Reports of SEC  with  ICP-MS  detection  in  the literature have  principally  concerned 
the separation of metalloproteins [32,72-781. Dean  and  coworkers E731 used  SEC 
with a Tris HCl  mobile  phase  in  an  attempt to determine the cadmium  content  in 
two  metalloproteins. A further study  used  this  technique for the  speciation of Cd 
in  pig  kidney  samples [77]. The majority of cadmium  was  associated  with a pro- 



300 

250 
l 
U) 
U) 

3 
E 200 

S 
5? 

.- E 100 

" 150 
X 
-.c 

U) 
t 
1u 

50 

0 
0 150 300 

Ti mels 
ure 11 Speciation of V using an Alltech Adsorbosphere 5-pm SCX column and  in- 
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(9.6 mmoK) at pH 4.0; flow rate, 1.5 mL/min and  injected  amount  12.5  ng.  (From  Ref. 71 .) 

tein of similar structure to that of metallothionein that survived  cooking  and  sim- 
ulated  digestion. 

SEC  has  been  used  extensively to separate  proteins  containing diaerent el- 
ements  such  as  Zn (11), Cd (D), Cu (11), and  Hg (11) in metallo~ionein [78-801. 
"hese studies  show the potential of SEC-ICP-MS for m~talloprotein separations 
but  are  not  specifically  concerned  with  elemental  speciation. 

Rottmann  and  Heumann E811 used  this  separation  technique to examine  in- 
teractions of humic  substances  with CO and  MO in water.  After  interaction, three 
MO species  and  two  Cu  species  were  identified  and the total  species  concentration 
corresponded  with the total  elemental  levels. 

as ~ h r o ~ a t o ~ r a ~ h y  

Gas  chromatography  (GC) is a technique  that  has  received  particular interest for 
speciation  studies  when  coupled to ICP-MS  as  a  detector.  Samples  must be volatile 
in  nature to be separated  by  using  this  mode of chromatography,  and  if  the  sam- 
ples  are  not  readily  volatilized,  derivitization of the samples  must be performed. 

Gas-liquid  and  gas-solid  chromatography are the two  common  modes of GC; 
however,  only  the  former  has  been  used, to date, for speciation  studies  with  ICP- 
MS  detection.  Here,  a  liquid  sample is injected onto a  GC  column  that is held at a 
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temperature  high  enough to vaporize the sample  (50°C  higher  than the boiling  point 
of the  least  volatile  analyte). The sample is then  eluted  by  a  gaseous  mobile  phase, 
commonly  helium,  argon,  nitrogen,  or  carbon  dioxide. The mobile  phase  should 
ideally be inert  to  the  sample  and  only  serve to carry  the andytes through the col- 
umn.  Separation of analytes  occurs  by  interactions  with  a  liquid  phase  that is re- 
tained  on  an  inert  solid  support. This liquid  phase  should  be  involatile  and  also 
chemically  inert. 

Both  packed  and  capillary-type  GC  colurnns  have  been  used for speciation 
studies and are normally between 2 and  50 m long. Columns are coiled and 
mounted inside the  oven. 

Peters  and  Beauchemin  [82]  described  in detail the advantages of using  GC- 
ICP-MS for volatile  species  separation. The primary  advantage is the near-ideal 
(100%)  sample  transport  efficiency of the analytes into the  plasma,  which  results 
in  excellent  recoveries  and limits of detection.  As  no  energy from the plasma is re- 
quired to desolvate  and  vaporize  the  gaseous  analyte,  ionization of the analyte is 
more  efficient.  In  addition,  isobaric  interferences  are  reduced  as  a  result of the  ab- 
sence of an  aqueous  mobile  phase. The lack of an  aqueous  mobile  phase  also  causes 
less of a  load to be applied  to the plasma so plasma  stability is greater  and  noise 
levels  are  reduced.  Also,  as  high ionic strength  buffers  are  not  required  with  GC, 
clogging  and  erosion of the  torch  injector  and  sampler  cones do not  occur. 

Interfacing Gas Chromatography with Inductively Coupled 
Plasma Mass Spectrometry 

As  with  LC-ICP-MS  coupling, the hyphenation of CC with  plasma  detection  also 
requires the construction of a  transfer line to connect the outlet of the gas  chro- 
matograph to the  ICP-MS  sample  introduction  system. In most  instances of GC- 
ICP-MS,  coupling [83-931 has  been  performed  by  construction of a  stainless  steel 
transfer line less than 1 m long to the base of the ICP torch  (Fig.  10.12). This trans- 
fer line is then  heated  (to  approximately  250"C),  using  thermocouples or heating 
tape, to prevent  condensation of the analytes  in the transfer  process.  Several  mod- 
ifications  have  been  suggested  in the literature to increase  sample t~oughput.  Van 
Loon et al.  [83]  introduced  oxygen  gas into the midpoint of the transfer line to  pre- 
vent  carbon  deposition  on  the  torch  and  cones  when  introducing  organometallic 
compounds.  Other  workers  [84,90]  have  suggested  using  a  glass  [84] or quartz  [90] 
lined  stainless steel transfer line to  provide  a  more  inert  surface to prevent  analyte 
adsorption  and  condensation. To improve  sample  transport, the GC  column  may 
be actually  inserted into the transfer line [85,86].  In  addition, the outlet of the trans- 
fer line may be positioned to just below  the injector of the torch so that  a  more  sta- 
ble  plasma  may be obtained  [84]. This distance  has  been  found to be important for 
ideal  sample  recoveries  along  with the length of the  transfer line and  alignment of 
the torch  and  transfer line [85,86]. 

To improve  some  separations, it has  been  found  that  heating  the  argon car- 
rier gas  through  the  transfer line may  improve GC separations  [88,91]  (Fig.  10.13). 
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Schematic  diagram  of  a  coupled  capillary  gas ~~omatography inducti 
coupled  plasma  mass  spectrometry (GC-ICP-MS) system,  (From  Ref. 86.) 

vely 

This  may  be  achieved  by  using  an  argon  heater  constructed  from  nichrome  wire 
inside a silica tube that is heated to “red  heat.” The argon  gas  flows  through the sil- 
ica tube  and is subsequently  heated. 

as Chromato~raphy  ~nductively Coupled Plasma Mass 
~pectrometry-Applications 

GC-ICP-MS  has  been  used  primarily for the  speciation of volatile  organometallic 
compounds. Van Loon and  coworkers  [83]  described  one of the first  instance of 
GC-ICP-~S for speciation  studies.  Several  organotin  compounds  were  separated, 
using  a  Chromasorb GC column  and  a  carrier  gas  flow of 8 ~ / ~ n ~  and  2 ~ / ~ n  
0, at  250°C. A 0.8-m  stainless steel transfer line, also at 250°C,  was  used.  Detec- 
tion  limits for the compounds  were in the  range 6-16  ng (as Sn). ~rganotin com- 
pounds  were  also  separated by the  De Smaele group  [91,92],  using  a “bent” trans- 
fer line to facilitate coupling of GC with TCP-MS. A 30-m  capillary  column  was 
used  (Fig.  10.14). 

Alkyllead  compounds in a  naphtha  hydrocarbon  mixture  were  separated  in 
two  studies  by  Kim et al.  [85,86].  Helium  was  used  as  the  carrier  gas in these  stud- 
ies with  argon  added to allow  efficient  sample  transport into the  plasma.  Various 
column and temperature gradients were  used  with  an a lu~inum transfer line, 
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Chromatogram  of  a  mixture of organotin  compounds,  recorded  with  the  in- 
ductively  coupled  plasma  mass  spectrometer  (ICP-MS)  coupled  to  the  gas  chromatograph 
(CC) with  custom-made  transfer  line.  Injection  temperature,  240°C;  split,  1/20;  detector, 
ICP-MS.  Transfer  line  temperature  250°C;  carrier  gas,  Ar. (b) C~omato~ram of  a  mixture 
of  organotin  compounds,  recorded  with  the €?ID detector.  Injection  temperature,  240°C;  de- 
tector m; carrier  gas Ar. (From  Ref.  91 .) 



Ele~ental Speciation 397 

through  which  the  column  was  inserted.  Ferrocene  and  nickel  diethyldi 
mate  were also separated. 

GC with  ICP-MS detection. Dichloromethane, 1,1,1 -trichloroethane, and 
trichloroethylene  were  separated by monitoring the 35Cl+  ion.  Detection limits were 
in the range 2.2-2.6 ng. 

 ethylm mercury species  in  sediment  samples  were  speciated  in  a 
Hintelman et al. [SS]. Detection limits were 1 pg (as Hg)  in dry sediment 
Organomercury  compounds,  along  with  organotin  and  organolead  compounds, 
were  also  separated  in  another  study  by  Prange  and  Jantzen  [go].  Detection  limits 
were  three  orders of magnitude  lower  than  those  reported  previously  in the litera- 
ture. A quartz  transfer line was  used  in  this  study. 

Peters  and  Beauchemin  [82]  separated three chlorinated  hydro 

u~ercritical Fluid ~ ~ r o ~ a t o ~ r a ~ ~ y  

An  increasingly  popular  alternative to liquid  chromatography  and  gas  chromatog- 
raphy is supercritical  fluid  chromatography  (SFC).  When  a  substance is heated 
above its critical pressure  and  temperature, it may exist in  a  supercritical  fluid  state. 
Carbon  dioxide is an  example of a  supercritical  fluid. At temperatures  above 3 1 "C 
and  pressures  exceeding 73 atmospheres,  the  individual  molecules of the com- 
pound are able to overcome  restrictive  intermolecular forces and  move  in  a m n -  
ner  more  similar to that of a  gas. 

There are a  number of advantages of using  SFC  rather  than LC or GC for 
speciation  studies. SFC elutes compounds faster than LC as the viscosity of the 
mobile  phase is lower  and  analyte  diffusion  coefficients  are  higher.  Resolution of 
complex  mixtures  may  therefore be improved.  GC  with  ICP-MS  often  yields  broad 
peaks  that  may be sharpened  by  using  SFC.  SFC is also  able to separate  compounds 
that  are  nonvolatile, labile, and of high  molecular  weight,  compared to GC. To 
achieve  an  ideal  separation it is possible to change more  variables  with  SFC  than 
with  LC  or  GC.  Gradient  elution is possible  by  making  pressure  adjustments  and 
by  using  mobile  phase  gradients  and  temperature  gradients.  As  with  GC,  both 
packed  and  capillary  columns  may be utilized;  however,  capillary  columns  have 
better  efficiencies.  These  columns are around 10-20 m in  length,  which is midway 
between  column  lengths for LC and  GC.  The  stationary  phase is constructed  from 
fused  silica  coated  with  polysiloxane.  Carbon  dioxide, ethane, pentane,  dichlorod- 
ifluoromethane,  diethyl  ether,  and  tetrahydrofuran  are all used  as  supercritical  fluid 
mobile  phases. In instances in which  comparatively  polar  compounds  are  to be sep- 
arated,  modifiers  are  added to the mobile  phase to adjust  the  solvent  strength.  Com- 
monly  used  modifiers  are  acetonitrile,  methanol,  chloroform,  and  water. The ad- 
dition of these polar  modifiers  does  not seriously affect plasma stability so 
resolution  and  sensitivity  are  not  affected. 
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lnte~acing Supercritical Fluid Chromatography with Inductively 
Coupled Plasma Mass  Spectrometry 

The principal  methods of interfacing  SFC  with  ICP-MS  have  been  discussed by 
Carey  and  Caruso [94]. Where  packed  SFC  columns  are  used, the SFC restrictor 
is connected to a  heated  cross  flow  nebulizer  and the nebulizer  gas  flow  carries  the 
sample to the plasma.  For the more commonly  used  capillary  columns,  the  SFC 
restrictor is passed  through  a  heated  transfer line that is connected  directly  to the 
torch of the ICP-MS. For optimal  resolution of peaks, the restrictor  should  be  po- 
sitioned so that it is level  with the injector of the ICP torch.  This  position  may  be 
varied  slightly  (Fig. 10.15). Heat i s  applied  where  the  transfer line and  torch  con- 
nect  to  prevent  freezing of the  mobile  phase  when it decompresses  after  exiting the 
restrictor. To transport  the  analyte to the  plasma  efficiently, a gas  flow  of approxi- 
mately 0.8-1 .O mL/xnin is used. This gas  flow  may  also be heated to improve  peak 
resolution. 

 upe er critical Fluid Chromatography ~nductively  Coupled Plasma 
Mass Spectrometry-~pplications 

Shen et al. [95] reported the first instance of SFC  coupled to ICP-MS  for 
tetraalkyltin  speciation. The mobile  phase  used  was CO,. Tetramethyltin  (TMT), 
tetrabutyltin (TBT), thetraphenyltin (TPT), tributyltin acetate (TBTA), and 
dibutyltin  diacetate  (DBTDA)  were all resolved. CO, was also used  as  the  auxil- 
iary  gas  flow for ICP-MS. The Sn  signal  was  optimized by adjusting  the CO,  flow 
and  the  rf  forward  power. The compounds  were  found to interact  poorly  with the 
stationary  phase;  thus  only TBT and TPT could be separated. No organic  modi- 
fiers  were  added,  however.  Further  organotin  speciation  studies  by  the  same  group 

Heated Ar 

Torch 

I 

Ar Ar 

Supercritical fluid  chromatography  inductively  coupled  plasma  mass spec- 
trometry  (SFC-ICP-MS) instrument diagram showing  a SFC-ICP interface. (From Ref. 
116.) 



Elemental  Speciation 399 

E961 examined  interface  temperature  (Fig. 10.16), oven  temperature,  supercritical 
fluid  pressure,  column  length,  and  mobile  phase  composition.  An  additional  neb- 
ulizer  gas flow  was not  required to introduce  the  sample into the plasma. The use 
of longer  columns  gave  broader  peaks for TBT?  tributyltin  chloride,  triphenyltin 
chloride,  and  TPT. 

The speciation of organoarsenic,  organoantimony,  and  organomercury  com- 
pounds  was  performed by  Kumar  and  coworkers  [47].  Trimethylarsine  (TMA), 
triphenylarsine  (TPA),  triphenylarsenic  oxide  (TPAO),  triphenylantimony  (TPSb), 
and diphenylmercu~ (DPHg)  were  separated  during the same  chromatographic 
run. To improve As detection limits, a  mixed-gas  HelAr  plasma  was  used,  along 
with  methanol  as  the  modifier. It was found that  TMA  was  distinguished  from  the 
solvent  peak;  that  did  not  occur  when  flame  ionization  was  used for the  same  sep- 
aration.  Speciation of organotin,  organoarsenic,  and  organoiron  compounds  was 
also achieved by the  Raynor  group  [97,98]. 

Chromium  speciation  has  also  been  successfully  achieved  by  using  SFC  [99]. 
WO (3-ketonate  chromium  compounds  and  an  organochromium  dimer  were  sepa- 
rated  initially,  using CO,  as  the  mobile  phase.  However,  as  a  result of an  isobaric 
interference at mlz 52 (the  major  chromium isotope) from the formation of 
40Ar12C+,  nitrous  oxide  was  used  instead. 

Capillary  electrophoresis  (CE)  with  ICP-MS  detection is a  technique  that  first 
started  to  receive  attention  in 1995 [ 100-1021. There are  several  modes of CE, in- 
cluding  capillary  zone  electrophoresis  (CZE),  capillary  gel  electrophoresis  (CGE), 
micellar  electrokinetic  chromatography  (MEKC),  capillary isoelectric focusing 
(CIEF),  and  capillary  isotacophoresis.  Capillary  zone  electrophoresis is the  most 
common  mode of CE to be used  with  ICP-MS  detection to date,  although  coupling 
of other  modes  with  ICP-MS  may  have  significant  potential. 

Capillary  electrophoresis  separations  are  dependent  on the relative  mobili- 
ties of analytes  under  the  influence of  an electric field  and do not  depend  on  mo- 
bile  phaselstationary  phase  interactions. A fused  silica  capillary is filled  with  a 
buffer  and  both  ends  submerged into two  reservoirs of the  buffer. A platinum elec- 
trode is immersed  in  each  reservoir  and  a  potential  difference (5-30 kV) is applied 
across  the  electrode.  An  aliquot of sample of a  few  nanoliters is injected  onto  the 
capillary by either  hydrostatic  or  electrokinetic  injection,  and  the  components  mi- 
grate to the  negative  electrode.  Separations of analytes arise from  differences  in 
the  electrophoretic  mobilities,  which  are  dependent  on  the  mass-to-charge  ratio of 
the components,  physical  size of the analyte,  and bu~er/analyte interactions. An 
electro-osmotic flow (EOF) of the  buffer  occurs in the  capillary  and  arises  as  a  re- 
sult of interactions of the bufTer with  dissociated  functional  groups  on  the  surface 
of the  capillary.  Positive  ions fiom the buffer  solution  are  attracted to negative  ions 
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Effqct of interface  temperature  (a)  215"C, (b) 300"C,  and  (c)  350°C  for  su- 
percritical  fluid  chromatography  (SFC) c ~ o ~ a t o g r ~ s  of  a  mixture  that  contains (A) TBT, 
(B)  TrBT-Cl,  (C)  TrPT-Cl, (D) TPT.  (From  Ref. 96.) 
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on  the  capillary  surface,  resulting  in  a  double-layer  effect.  These  positive ions are 
attracted to the negative  electrode  and  transport the analyte  molecules at the same 
time,  resulting  in  flat  flow  profiles  and  minimizing  peak  broadening. 

Common detectors  used  with CE are  essentially the same  as those used  with 
high-pressure  liquid  chromatography (WLC). These detectors,  however,  are  not 
normally  very  specific  or  sufficiently  sensitive.  ICP-MS  may  fulfill  these criteria; 
however,  coupling the two  systems is not  as straightfo~ard as  LC-ICP-MS  cou- 
pling.  An initial problem lies with the extremely  low  flow  eluted  from  the CE, 
which is usually of the order of less than  a  microliter  per  minute.  Most  nebulizers 
used  with  ICP-MS are<not suitable for such  flows so “ ~ o w - ~ ~ o w ~ ’  nebulizers  such 
as the high-efficiency  nebulizer  (HEN) [1031, direct injection nebulizer  (DIN) 
[ 1011, oscillating  capillary  nebulizer  (OCN) [ 1041,  and  ultrasonic  nebulizer  [20] 
may be used.  Further,  when CE is coupled to a  system  such  as  ICP-MS,  the  de- 
tector  end of the capillary is no  longer  immersed  in  the  buffer  solution  and so the 
electrode  must be “grounded.” 

Capillary Electrophoresis Inductively Coupled Plasma Mass 
~ p e c t r o ~ e t r y - i n t e ~ ~ c e s  and Applications 

The first  CE-ICP-MS  coupled  system  was  described  by the Olesik  group [ l001 for 
potential  speciation  studies. The need for an  interface,  with  low  dead  volume to 
minimize  peak broadening, was identified. In this interface, the capillary was 
grounded by coating.5 cm of the end with  a  controlled  thickness of silver  paint. 
The  EOF was  approximately 0.05 pL/min”; however,  the  liquid  flow  rate in- 
creased,  as  a  result of a  vacuum  effect  from  the  nebulizer  gas  flow7  which,  in  turn, 
resulted  in  a  parabola-shaped  velocity  profile. This caused  beak  broadening to 
occur. 

A direct injection  nebulizer  has  been  used for CE-ICP-MS [ lol l  with  the 
capillary  actually  inserted  through  the  central  sample  introduction  capillary of the 
DIN (Fig. 10.117). This nebulizer is very  well  suited to the  very  low  flow  rates  as- 
sociated  with CE and also offers  approximately 100% sample  transport  efficiency. 
A platinum  grounding  electrode  was  used,  situated  in  a  three-port  connector,  which 
also accommodated the DIN  capillary  and  a  makeup  buffer flow. The makeup 
buffer  was  used so that the DIN  operation  was  independent of the EOF,  and  the 
two  flows  were  combined  at the capillary  exit. The system  was  used for feasibil- 
ity  studies for As  and Se speciation. 

A recent  study [l031 described the use  of  a  HEN  nebulizer  with  a  conical 
spray  chamber to improve  sample  transport for low  flows  in CE (Fig.  10.18). A 
stainless  steel  tee  was  used  with  the  capillary  threaded  through the collinear ends 
of the tee. A makeup  buffer,  termed  a  eat^ electrolyte, was also introduced 
through  the  lower  arm of the tee. The effect of sheath electrolyte flow on  the lam- 
inar ow (flow  in  the  direction of the detector)  was  investigated,  and it was  found 
that improved  peak  resolution  was  possible  by  increasing the sheath electrolyte 
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Fused Silica Capillary (50 pm i.d.) 
Stainless  Steel 

Union 
Meinhard 

WEN Nebulizer 

Stainless 
Steel Tubing 

Peristalic Pump Tubing 
(0.1 9 mm i.d.) 

' H".. -1 .8 mm 

HEN SB-30-A3 

Diagram of interface between electrophoresis capillary and high-efficiency 
nebulizer (HEN). (From Ref. 103.) 

flow rate so that  the  laminar flow  was  eliminated. This flow rate should be opti- 
mized  to  obtain  ideal  resolution. 

An  ultrasonic  nebulizer (USN) has been  found to be amenable to CE-ICP- 
MS interfacing [ 1021. The ground  path  was  again  provided by a  sheath  electrolyte, 
and  separations  were  superior to those  obtained  by  using  a  concentric  nebulizer. It 
should be noted  that the noisy  background  obtained by the USN may  not  give  bet- 
ter  detection limits than other nebulizers. 

Magnuson. et al. [ 1051 described the use of CE with  a hy~odynamically ad- 
justed EOF with  hydride  generation for arsenic  speciation  and  ICP-MS  detection. 
Hydrodynamic  pressure  was  applied  in  the  opposite  direction to the EOF so that 
large  quantities of the  analyte  could be injected  without  significant peak:  broadening. 
Four  arsenic  species  were  separated  with  detection limits in the range 6-58 ppt. 

icrow~ve lnduce 

Work  performed  by the Caruso group  [3,106-1091  has  encompassed  several  stud- 
ies of the use of a  He-MIP  with  mass  spectrometric  detection for chromat~~raphy, 
with  particular  application to speciation  studies.  As  mentioned  previously, the he- 
lium microwave  induced  plasma  offers  several  advantages  over  conventional  ICP- 
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MS,  including  reduced  gas flow and  power  consumption  requirements.  In  addition, 
ionization  conditions  are  more  favorable  when  using  He  as  a  plasma  gas. 

The main  method of sample  introduction into the helium  MIP is in  the  form 
of a  gas  [3,106-1091. The coupling of  gas  chromatography to He-MIP for specia- 
tion  has  been  well  documented for both  metals  and  nonmetals  [3,106-1091.  Both 
atmospheric [109,110] and reduced-pressure [106-108,111,112]  systems  have 
been  described.  Mohamad et al. [l 101 used  GC  coupled  to  atmospheric  pressure 
MIP-MS for the speciation of chlorinated  hydrocarbons.  Figure  10.19  shows  a 
schematic of the  atmospheric  pressure  helium MIP torch  used  in  MIP-MS  sam- 
pling for capillary GC detection. A tangential  flow  torch is used to provide  a  larger 
plasma  and  thus  minimize  sampling  air  entrained  regions of the  plasma. A stain- 
less  steel  insert  may be employed to heat  the  capillary  column  and  minimize  sam- 
ple  condensation, A stainless steel line must also be constructed  and  wrapped  with 
heat  tape so that the temperature of the transfer line may  be  maintained at 250°C. 
Figure  10.20  shows  a  chromatogram of chlorobenzene, p-chlorotoluene, and o- 
chlorophenol  obtained by such  an  interface.  Suyani et al. [ 1091  used  atmospheric 
pressure  MIP-MS  successfully for organotin  speciation. 

Reduced  pressure  helium  MIP-MS  has also been  used  as  a  GC  detector for 
the separation of phosphorus,  sulfur,  and  halogenated  compounds [ 106-1081. This 
plasma is particularly  well  suited to these  applications  as air entrainment  and  sub- 
sequent  high  background  signals  are  minimized.  Again,  heated  stainless steel trans- 
fer lines  are comonly used  to  connect the GC column to the ICP torch. 

Microwave  induced  plasma  mass  spectrometry  has also been  used  as  a  de- 
tector for supercritical  fluid  chromatography  (SFC) [ l 131 for the separation of 
halogenated  hydrocarbons. The design of an  SFC-MIP  interface  must  ensure  that 
the frit restrictor  temperature  remains at a  high  temperature  to  prevent  condensa- 
tion of analytes.  Stainless  steel  transfer  lines  may be used. The frit restrictor  should 
be connected  to  a  length of deactivated  fused  silica  capillary,  inserted  through  the 
transfer line, and  positioned  flush  with  the  aluminum MIP torch  inset  (Fig.  10.21). 

Low-pressure  He-ICPs  have  been  used  as  chromatographic  detectors for mass 
spectrometry [ 1 1 1,112,1141.  Organotin  compounds [ 1 121 were  speciated  by  using 
a  plasma  operated  at 100 W. A low-pressure  torch  must  be  constructed from a  quartz 
tube of dimensions appro~i~ately 150  mm  long  and 6 m outer diameter to sus- 
tain  such  a  plasma. This torch is connected at one  end  to  the  GC  interface  and to 
the sampler cone at  the  other.  Heated  transfer  lines  must  be  used for reproducible 
transfer of the  GC  analytes.  As  the  low-pressure  system  may  not  completely  at- 
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Slngle  Ion ~ o n l t o r l n ~  Cl-35  

chlorobenzene 

chlorotoluen 

1 

C ~ o m a t o g r ~  of  chlorobenzene, ~-ch~oroto~uene, and  0-chlorophenol; 5 ng 
of  each  component  injected.  (From  Ref, 110.) 

We 
l n t e r ~ e ~ i a t ~  ga 

Supercritical  fluid c~omatography microwave  induced  plasma  mass  spec- 
trometry  (SFC-MIP-MS)  torch  intexface.  (From  Ref. 113.) 
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~ ~ o m a t o g r ~ s  of 10-ng injection of (a) bromine- and (b) chlo~ne-cont~n- 
ing compounds without  venting the solvent, using single-ion monito~ng at mlz = '79 and 
mlz = 35, respectively. (From Ref.  114.) 

omize  compounds,  fragment  ions  may be sampled  from  such  a  low-pressure IC 
lly  allowing  more  structural i n f o ~ a t i o n  to be evaluated. 
alogenated gas c~omatographic effluents  have  also  been  separated suc- 

cessfully by using L ~ - H e - I C ~ -  S [l 141 (Fig.  10.22). The effect of venting  sol- 
vents  has  been  discussed [l 141, 'and it appears  that  shorter  analysis 
tainable under no-venting conditions although limits of detection 
slightly  higher. 
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The introduction of liquid  samples into the  LP-ICP-MS  has  been  shown to 
be feasible [ 1 151. A glass frit nebulizer  may  be  used  along  with  desolvation  to im- 
prove  analyte signal stability. To date, however,  no  speciation  studies  using  such  a 
system  have  been  performed. 

It is clear  that  ICP-MS is increasingly  becoming  a  popular  method for elemental 
chromatographic  detection.  All  modes of chromatography  may be hyphenated  with 
ICP-MS,  including liquid chromatography,  gas  chromatography,  and  supercritical 
fluid c~omatography. In  addition, the use of ICP-MS  as  a detector for CE is rap- 
idly  gaining  popularity  although the majority of papers  describe the hyphenation 
of the  two  techniques.  Table  10.3  shows  some  representative  figures of merit for 
the different  chromatographic  techniques  and for capillary  electrophoresis  with 
ICP-MS  detection.  In  addition, some of the advantages  and  disadvantages of the 
hyphenated  techniques  are  given. 

The potential of CE-ICP-MS for use  in  speciation  studies  offers  the  analyst 
a  useful  alternative for the  separation of compounds of environmental  and clinical 
impo~ance. Detection limits for CE-ICP-MS  are  often  superior to those achieved 
with  traditional  detection  methods  such  as  refractive  index  and uv spectroscopy. 
The use of low-flow  nebulizers,  such  as the direct injection nebulizer  and  the  high- 
efficiency  nebulizer,  which  can  accommodate the low  electroosmotic  flow of CE, 
offers sig~ficant advantages  in  terms of improved  sensitivity. 

Speciation i n f o ~ a t i o n  for both  metals and nonmetals  may  be  obtained  by 
ICP-MS  and  MIP-MS  detection,  thereby  offering  a  method for the  speciation of 
more  difficult to analyze elements such  as the halogens. 

Microbore LC offers  potential for speciation  studies  with  ICP-MS  detection. 
The lower  liquid  flow  rates  associated  with the technique cause less mobile  phase 
to reach  the  plasma.  Often  the  mobile  phases  used  in LC contain  organic  solvents 
that  cause  plasma  instability at high flow rates  and  pressures.  Microbore  LC is 
therefore  promising for separations  using  reversed-phase  and  ion-pairing  chro- 
matographic  techniques. 

Commercial  ICP-MS  instruments  currently  used in laboratories are  com- 
puter  controlled  and  employ time resolved  acquisition  software  to  present  chro- 
~ a t o g r ~ s ,  Software may  often  determine the ease of c~omatographic acquisi- 
tion, and, in  many  cases,  the  software  does  not  allow  the  acquisition of chromatograms 
of high  enough  resolution. It is clear that the demands of the chromatographer  must 
now be met  when inst~ment  manufacturers  design  software  packages, so that im- 
proved  methods for rapid data acquisition are available. 

Finally, there is now obviously  a  need for de~elo~ment  of c e ~ ~ e d  ma~eri- 
als  that  contain  quantitative i n f o ~ a t i o n  regarding  not  only  total  elemental  con- 
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Figures of Merit for Techniques  Utilized  in Speciation 

Absolute 
detection Selected 

Techniquea limits Comments references 

LC-ICP-MS 
Reversed-phase 

Ion-pair 

Micellar 

Ion-exchange 

Size exclusion 

GC-ICP-MS 

He-MIP-MS 

Low-pressure 
He-MIP-MS 

Low-pressure 
He-ICP-MS 

SFC-MP-MS 

SFC-ICP-MS 
CE-ICP-MS 

High concentration of organic solvents 
that  may cool the plasma are usually 
required. 

High concentrations of organic solvents 
are usually  required. 

Surfactants may clog the sample 
introduction system. Smaller 
concentrations of organic solvents are 
required. 

interferences, may  be separated from 
the analyte. 

Smaller concentrations of organic 
solvents are required. 

This technique has high resolving power 
but requires a  heated transfer line. 

These instruments are not  commercially 
available, but the He-MIP is a  more 
efficient excitatio~ionization source 
for some nonmetals. 

These instruments are not commercially 
available. 

This technique may provide in fo~a t ion  
on both elemental composition and 
molecular structure. These i n s ~ m e n t s  
are not  commercially available. 

Nonvolatile, labile, and high- 
molecular-weight compounds may be 
separated.  A  heated restrictor is 
required. 

Ions such as Cl-, which  could cause 

Compounds are eluted faster. 

A  heated restrictor is required. 
Low detection limits are possible, but 
low-flow nebulizers are required 
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72, 74, 
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85, 89, 
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106, 107, 
109 

112, 115, 
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94 
20, 102 

aLC-ICP-MS, liquid c~omatography inductively coupled  plasma mass spectrometry; GC, gas chro- 
matography; MIP, microwave  induced plasma; SFC, supercritical fluid c~omatography; CE, capillary 
electrophoresis. 



41 0 Sutton  et al. 

centration  but  individual  species  concentration. A few  standards  that  contain in- 
f o ~ a t i o n  regarding  the  speciation of the constituent  elements  are  currently  avail- 
able,  but  many  more  are  required so that  accurate  speciation  methods for a wide 
range of elements  may  be  developed. 

The authors  are  grateful  to  the  National Institute of Environmental  Health  Sciences 
for the  partial  support of this  work  through  grant  number ES0490E. 
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Geochemical analysis is a major subset of secondary ion mass spectrometry. 
Among microanalytical techniques, its versatility  makes it unique  in the geo- 
chemical  community,  as  no  other  method  provides  both the capability for analysis 
of a wide  variety of trace  elements at the  part  per  billion  (ppb)  to  part  per  million 
(ppm)  level  and  the  ability  to  measure  both  stable (H, Li, B, C, N, 0, S, plus Si, 
Mg, Ca, Ti)  and  radiogenic  (U-Pb,  Re-Os) isotope ratios  with  precision s u ~ c i ~ n t  
for geochemical  applications.  Compared  to  that of  most  laser  sampling  techniques, 
the spatial  resolution of secondary  ion  mass  Spectrometry (SIMS) is superior,  par- 
ticularly  in the third  dimension  (depth).  Interest  in  this  technique is reflected in a 
doubling  in  the  number of SIMS  facilities  devoted  principally to geochemistry  and 
cosmochemistry since 1990, and  rapid  growth in application  over the past  10  years 
(Fig. 11.1). Compared  to  many other SIMS applications,  geochemical  analysis is 
characterized  by a number of features,  including (l) predominantly  insulating  ma- 
trices; (2) complex,  chemically  variable  matrices; (3) requirements for both  high 
precision  and  high  accuracy,  particularly for isotope  ratio  analysis,  in  which  pre- 
cision of 1000  ppm or better is often  required;  and (4) demand for analysis of a 
wide  range of elements  and  isotope  ratios.  Although  most  geochemical  work  has 
been  focused  on  elemental  and  isotopic  spot  analysis,  there is a significant  subset 
of depth  profiling  work  focused  on  experimental  determination of diffusion  rates, 
as  well  as  work  utilizing  SIMS  imaging  capabilities. 

This  chapter is intended to provide an  overview  of recent  technical SIMS de- 
velopments  and  applications  relevant  to  geo-  and  cosmochemistry,  and  to  supple- 

41 5 
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1 Studies  published  between  1988  and  1997  reporting  use  of  secondary  ion  mass 
spectrometry (SMS) in  geochemistry  and  cosmochemistry.  Papers  are  subdivided  accord- 
ing  to  theme:  Hvy Iso, studies  of  heavy  isotope  ratios,  principally for U-Pb  dating;  Lt Iso, 
studies  of  light  stable  isotope  ratios (H, B, C, 0, S); Hvy  El,  studies p r im~ly  focused  on 
analysis  of  elements >40 m u  (e.g.,  rare  earth  elements);  Lt  El,  studies  primarily  focused 
on  analysis  of  elements <40 m u  (e.g.,  water  content);  Prec  Met,  analysis  of  precious  metal 
contents  (e.g.,  Au,  Ag,  Pt);  Expt,  analysis  of  experimental  run  products;  Misc,  other  mis- 
cellanous  studies  utilizing SMS. 

ment  the  general  chapter  in  this  volume,  in  which the history  and  fundamentals of 
SIMS are  discussed  (Chapter 4). Three main  analytical  challenges  dominate  ap- 
plication of SIMS in  geochemistry: ( l )  sample  surface  charging  on insulators; (2) 
presence of a  wide  variety of isotopic,  molecular,  and  multicharged ions as  iso- 
baric  interferences;  and (3) dependence of secondary  ion  yields on the chemical 
properties of the  sample  being  analyzed. The first  part of the  chapter is focused  on 
a  brief  overview of the these  problems,  and  the inst~mentation and  techniques  that 
are  used in various  geochemical  applications. The latter part ofthe chapter  attempts 
to provide  brief  summaries of a  variety of different  types of SMS applications  in 
geoche~stry. Given  the  rapid  growth  of  geochemical SIMS literature over the past 
few  years  (Fig.  1  1. l), it is impossible to provide  a  comprehensive  review of SIMS 
applications. As the technique  has  rapidly  matured  in  recent  years,  more  recent  de- 
~elopments and  applications  are  emphasized.  Readers  are  referred  to  several  ex- 
cellent  overview  articles  that  already  exist  in  the literature both for additional  de- 
tails on  analytical  techniques  and for reviews  of  older  geochemical SIMS literature 
(MacRae,  1995;  Hinton,  1995;  Reed, 1989; Zinner,  1989;  Shimizu  and  Hart, 1982; 
Shimizu et al.,  1978). 
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In part  as  a  result of the demands for high  precision  and  accuracy  and the abun- 
dance of isobaric  molecular  interferences  arising  from  complex  matrix  chemical 
processes,  almost  all  geochemical  SIMS  work has employed  magnetic  sector  SIMS 
instruments.  Time-of-flight  (TOF) SIMS holds  promise,  particularly  in  the  area of 
analysis/imaging of mineral  surfaces,  but its potential in geochemistry is only  be- 
ginning  to be explored. The instrumentation  overview  presented  concentrates  on 
factors controlling  analytical  procedures for magnetic  sector  SIMS i n s ~ m e n t s ;  
further detail  can  be  found  in  Chapter 4, as  well  as  reviews  such  as Be~inghoven 
et al. [l9871 and  the  geochemical SIMS reviews  mentioned  earlier. 

Although  a  variety of bombarding  ions  can be employed  (see  Chapter  4),  most  ge- 
ological  applications  use either an  oxygen (0- or 02+) or a  cesium (CS') primary 
ion beam.  Secondary  ion  yields  are  strongly  influenced by the bombard in^ species, 
so that  the  desired  application  often  dictates the choice of primary  ion  beam.  Oxy- 
gen (0-) is often  used,  as  sample  charging  problems  on  insulating  specimens  are 
minimized  with  a  negative  charged  primary  ion  beam.  However,  much  higher  cur- 
rent  densities  are  possible  when  using  CS+  and 02+ primary  ion  beams,  allowing 
better spatial  resolution.  Additionally,  use of a CS+ primary  beam  enhances the ion 
yield  (sensitivity) for electronegative  elements.  For  most  geological  applications, 
the primary  ion  beam is focused to a  fine spot, using  a  series of lenses  and  aper- 
tures or Kohler  illumination  (see  Chapter  4).  Because of sensitivity  and  precision 
requirements,  almost all geological  applications utilize dynamic  SIMS,  where the 
sample  surface is actively  eroded  by the primary  ion  beam. The potential for static 
SIMS,  wherein  the  primary  ion  current is low  enough  that the surface  layers  sur- 
vive for long  periods, is very  promising for the study of reactions  occurring  at  min- 
eral surfaces, particularly  by utilizing time-of-flight  secondary  ion  mass  spec- 
trometry,  but is just beginning  to be explored  [e.g.,  Ingram et al., 19981. 

A wide  variety of positive  and  negative  charged  secondary  ions  and  neutral  species 
are  sputtered  from the sample  surface,  including  elemental,  molecular,  and  multi- 
ply  charged  ions.  These  ions  have  a  range of kinetic  energies,  trajectories,  and  spa- 
tial origin within the sputtered surface. Typically, either positive or negative 
charged  secondary ions are analyzed,  although  molecular  species  and  multiply 
charged ions have also been  used for quantitative  analysis  [e.g.,  Compston et al., 
1984; Riciputi et al., 19931.  To maximize  sensitivity, it is important  that  second- 
ary  ions be efficiently  extracted into the secondary  ion  mass  spectrometer,  as  ion- 
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ization  efficiency of most  elements is typically 4 % .  In  addition,  the  secondary 
mass  spectrometer  must  be capable of discriminating  between  elemental  ions  and 
molecular  isobaric  interferences. 

As mentioned  earlier,  almost all geochemical  work  has  used  magnetic-sec- 
tor inst~ments, Because of the  large  range in energy of secondary  ions  emitted 
from  the  sample  surface, a double-focusing  geometry  using  both  an  electrostatic 
analyzer and a magnet is employed to achieve  both  high  mass  resolution  and  trans- 
mission. The sample is typically  held at a high  potential (1-10 keV) to extract  sec- 
ondary ions from the sample surface, although in some instruments (e.g., VG 
Isolab), a two-stage  process is used,  in  which  ions  are  extracted by utilizing  low 
energies ( ~ 2 0 0  eV)  and  then  further  accelerated. The ions  are  focused  onto  the  en- 
trance slit of the  mass  spectrometer  by a transfer  lens. In the  typical  geometry,  ions 
then  pass  through  an  electrostatic  filter,  where  they  are  dispersed  on  the  basis of 
energy.  The  amount of energy  filtering  can  be  controlled  by  an  energy  slit:  De- 
creasing  the  energy  spread  increases  the  focus of the ions  but  decreases  transmis- 
sion  and  can  also  affect  the  relative  ion  intensities  both of different  elements  and 
among  isotopes of the same  element.  The  ions  then  pass  through  the  secondary 
magnet,  which  disperses  them on the  basis of momentum"  Most inst~ments are 
equipped  with a single-exit slit through  which  the  ion  beam  passes  before  enter- 
ing the  detector  system;  different  masses are monitored  sequentially by slewing 
the  magnetic  field to select  masses of interest.  Closing  the  entrance  and  exit  slits 
and  improving the shape of the secondary  ion  beam  allow  smaller  mass  differences 
between  peaks of interest and  molecular  interferences  to  be  resolved.  However, 
this is achieved at the  expense of ion  transmission,  and  hence  sensitivity. 

The magnetic  sector  SIMS  instruments  can  be  subdivided into two  groups, 
those  possessing  magnets  with a small  radius  (Cameca  f  series)  and  those  pos- 
sessing  large-radius  magnets  [sensitive  high-resolution  ion  microprobe ( S H ~ I M ~ ,  
Cameca 1270)l. For  the  small-radius inst~ments,   trans~ssion begins  to  drop off 
rapidly once mass  resolution  exceeds  about 2000 and  decreases by over 90% when 
mass  resolution of 5000 is reached.  hysical  separation of masses is increased  if 
the magnetic  radius is enlarged,  all0  ng  improved transm~ssion at  high  mass res- 

riven  principally by the  need for high  mass  resolution  coupled  with  high 
~ansmission for analysis of U-Pb ratios in geological  samples, 
magnetic-radius inst~ments have  been  built,  including  the SH 
1270 inst~ments. In these  instruments,  transmission  does  not  begin  to  decrease 
significantly  until  mass  resolution  exceeds 5000. 

Secondary  ion  currents  are  typically  detected by using a Faraday  cup  if in- 
tensities  are  high  enough (>l Hz or 106 counts  per  second).  For  most  geologi- 
cal applications  count  rates are so low  that  an  electron  multiplier  (or  other  single- 
ion  counter),  in  which  each  ion  impact is converted to a charge  pulse  that is counted 
by the  detector  system, is used. The efficiency of the  ion-to-charge  conversion  ratio 
varies  between  both  elements  and  isotopes of the  same element, generally  be- 



Geological ~pplications 41 9 

coming less efficient  with  heavier  masses;  particularly for heavier ions, the con- 
version  efficiency  can be increased  by  using  higher  secondary  ion  accelerating  po- 
tentials  [e.g.,  van der Heide  and  Fitcher, 19981. Relative  variations  among  elements 
and  isotopes  also  change as the multiplier  ages,  requiring careful calibration of the 
instrument for high-precision  applications.  At  higher  count  rates  multiple  pulses 
can  arrive  at  the  detector  essentially  simultaneously. If the  counting  system is un- 
able to resolve the two  pulses  electronically,  they  are  counted as a single  pulse,  and 
one  count  in  the  pair is not  recorded  by  the  counting  system. The loss of these 
counts can be corrected  by  using  the  equation 

where C is the count  rate  and t is the deadtime.  Therefore, for precise  and  accurate 
results,  the  “deadtime” of the counting  system  must be well  known,  particularly 
for isotope  ratio  measurements  [Hayes  and  Scholler, 1977; Zinner et al., 19861. 
The deadtime,  and the precision  with  which it is known,  typically limit the maxi- 
mum  count  rate  at  which  isotope ratio measurements  can be made  with  an  elec- 

ultiple-detector  systems  consisting of Faraday  cups  and  electron 
multipliers  are a potential  solution,  but  difficulties  with drift between  different  de- 
tectors  must be overcome  before  significant  increases  in  precision  become  possible. 

The overlap of molecular  peaks  with the elemental  ion  peak of interest is a major 
problem,  particularly  in  complex  geological  matrices.  molecular  species aris- 
ing  from contami~ation from vacuum  gases  (e.g., M OH),  maintaining  good 
vacuum  conditions  can  help  to  minimize the size o rfering  peaks.  In  many 
cases,  with  knowledge of the  matrix  composition, a particular  isotope of an  element 
of interest  can  be  selected  to  minimize  potential  interferences.  When  interferences 
cannot  be  prevented,  one of two  major  techniques is used to separate or eliminate 
interferences:  high  mass  resolution or some form of kinetic-energy  filtering. 

For  high  mass  resolution,  the  exit  slits of the  mass  spectrometer  are  closed 
down; n ~ o w i n g  the slits, when  coupled  with  collimating  the  secondary  ion  beam 
by  using  entrance  slits  and  apertures,  allows  small  differences in mass  between el- 
emental  and  nearby  isobaric  peaks to be  resolved.  For  example, a mass  reso * 

( ~ / ~ ~  of 4735 is required  to  resolve the mass difference between 
17.002700 D) and 1 7 0  (16.999131 D). The mass  resolution  required  to  separate 

cies  from  elemental  peaks  generally  increases  from .-l000 for light  masses 
on 23Na) to 45000 around  mass 60. Above  this  mass  range,  transmission 

losses  become  prohibitive for small-radius  instruments.  Although  required  mass 
resolution is high for intermediate masses ( ~ / ~  typically >10,000 for amu 
90-150),  required  resolution  decreases  to  7000-9000 for amu > 150, so that  large- 
radius inst~ments can  be  used  to  resolve  most  interferences  on  heavy  elements 
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such  as  Pb,  allowing  precise  measurement of isotope ratios. It should  be  noted  that 
if samples  are  sufficiently old, geologically  useful  differences  in  Pb isotope ratios 
in zircons  can be measured by using  a  small-radius  instrument  [Wiedenbeck  and 
Goswami, 1994; Wiedenbeck et al.,  19961.  Resolution of hydride  peaks is feasible 
for light  masses; it requires ~/~ of 1000 to 5000 for masses  between  2  and  40. 
Above  this  mass  range,  the  required  resolution  increases  rapidly to values  above 
10,000,  with  resolution of almost 50,000 required to resolve TJH peaks  from  other 
IJ species,  a  process that is beyond the capabilities of even the large-radius  SIMS 
instruments.  Fortunately,  with  good  vacuum  conditions  and  with the exception of 
light isotope analysis,  hydrid  interferences  are  typically less of a  problem  than 
oxide  interferences. 

Sputtered ions leave  the  surface  with  a range of kinetic energies.  As  the  ki- 
netic  energy  distribution of most  molecular  species is narrower  than that of the el- 
emental ions, kinetic energy  filtering  can  be  used to suppress  the  intensity of mo- 
lecular  ions  relative  to  elemental ions [e.g.,  Shimizu et al.,  19781.  In convention~z 
energy Ztering [e.g.,  Shimizu et al.,  1978;  Zinner  and  Crozaz, 19861, the  acceler- 
ating  potential of the sample  surface is offset by 80-100 eV  relative to the  accept- 
ance  energy of the electrostatic  analyzer.  Assuming  an  offset  voltage of 100 eV is 
applied,  and the energy slits have  a  bandpass of rt20 eV, only  sputtered  ions  hav- 
ing an initial kinetic  energy of 100 rt 20 eV  are  transmitted  through  the  mass  spec- 
trometer.  An  energy  offset of this  magnitude is sufficient to suppress  trimers  and 
many  dimers.  In  some cases, such  as  the  interference of light rare earth oxides  on 
heavy  rare earth peaks  (e.g., 142Ce160 on 15*Gd), significant  interferences  persist, 
and  energy  filtering  must be coupled  with  mathematical  peak  deconvolution  [e.g., 
Zinner  and  Crozaz, 19861. 

Almost  complete  suppression of molecular  species  can be achieved by uti- 
lizing  high  offset  energies,  although there is a  severe  reduction  in  overall  ion  sig- 
nal.  In the specimen  isolation  (SI)  technique,  uncoated  samples  are  allowed  to 
charge,  producing  an  offset  energy of  400-600  eV  [e.g.,  Metson et al.,  1983;  McIn- 
tyre et al.,  19851,  and  analyses  such  as d e t e ~ n a t i o n  of rare earth element (REiE) 
abundances  can  be  done  without  concern for interfering  oxide  species.  This  tech- 
nique  requires  a  much  higher  primary  beam  intensity,  however, to compensate for 
the decrease  in  sensitivity,  resulting  in loss of spatial resolution. In addition,  the 
degree of charging  (energy  offset)  cannot be precisely  controlled. Similar effects 
can  be  achieved  by  offsetting  the  sample  accelerating  voltage by several  hundred 
electron  volts  relative to the acceptance  energy of the  mass  spectrometer  (with  more 
precise control of the kinetic energy of the secondary ions), although older 
(Cameca 3f and  4f) ~ s ~ m e n t s  must  be  modified to have this capability. This ca- 
pability,  termed extreme  energy ~ Z t e ~ ~ n g ,  has  been  primarily exploited for the 
analysis of light stable isotope ratios (0, C, S) in insulating  matrices  [e.g., Hewig 
et al.,  1992;  Fticiputi  and  Paterson,  1994;  Valley et al.,  1997;  Riciputi et al., 19981. 
Typically  at  offset  energies  of  300-350 eV, hydride  species  are  suppressed  to in- 
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significant  levels  [e.g.,  Schauer  and  Williams, 1990; Hervig et al., 19921. There- 
fore, the inst~ment  can be operated  at  low  mass  resolution,  which  partially  off- 
sets the loss in secondary  ion signal due to the use of high-energy  secondary  ions. 
Riciputi [ 19961  and  Paterson et al. [ 19971  demonstrated  that  when  compared  to 
that of high  mass  resolution, inst~mental mass bias was  more  reproducible from 
sample to sample  using the extreme  energy  filtering  technique,  presumably  as  a  re- 
sult of minimization of surface  effects  due to the  higher initial kinetic energy of 
the  analyzed  ions. 

A second  challenge  in  ion  microprobe  analysis is calibration,  as the secondary  ion 
yields for each  element  (and  isotope)  can  vary by orders of magnitude,  depending 
on  both the primary  beam that is used to sputter the sample  and the chemical  com- 
position  of the sample.  Choice of primary  beam  allows  increased  sensitivity for 
the target  elements  (typically  use of oxygen  enhances  ion  yields of electropositive 
elements,  and  cesium  enhances  yields of electronegative  elements)  and  can be con- 
trolled  by the operator. The chemical  composition of the target  substrate,  however, 
cannot be operator  controlled.  At  present,  sputtering  theory  cannot  accurately  pre- 
dict  most  matrix  effects.  Therefore, to obtain  accurate  analyses,  ion  yields  must be 
empirically  quantified by using  standards  that  have  major  element  compositions 
that are  closely mat~~-matched to the unknown  samples,  a  major task, given  the 
wide  variety of minerals  and  solid  solutions  in  many  chemical  series.  For  trace el- 
ement  analysis,  two  different  methods  have  been  used.  In one, a  known  quantity 
of a  labeled isotope of the  element of interest is implanted into a  mineral,  and the 
ion  yield is determined by measuring the yield of this isotope  relative to the known 
(implanted)  concentration. The major  drawback  with  this  method is expense,  as  a 
separate  implant  has to be performed for each  element of interest, and the number 
of implants  required  can  rapidly  multiply,  especially  if  a  variety of mineral  com- 
positions  are of interest. The more  common  method to determine  ion  yield  in  ge- 
ological  matrices  involves  use of natural  minerals  that  have  been  characterized  by 
bulk  methods. The biggest  problem is finding  materials  that  are  (1)  homogenous 
on the micrometer scale, (2) free of inclusions  that  could  compromise the bulk 
analyses,  and (3) available in sufficient  quantities for bulk d e t e ~ n a t i o n .  Most  nat- 
ural  materials  are  heterogeneous,  making  the  search for suitable mineral  standards 
a  difficult  one.  For at least some  compositions  and  analytical  conditions,  ion  yields 
between  crystalline  minerals  and  glasses of identical  chemical  composition  are 
similar,  allowing the use of synthetic  standards  [e.g.,  MacRae et al., 1993; Bottazzi 
et al., 1992; Hinton, 19901. 

Absolute  ion  yields  can  vary  during the course of an  analytical  session  as  a 
result of a  variety of factors. However,  these  variations affect ion  yields  of differ- 
ent elements  in  a  similar  manner, so that by ratioing the ion  yield  of  an  element  of 
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Chaussidon et al., 19971 shows  the effect of sample contami~ation in elevated B counts rel- 
ative  to the actual sample concentration. 

interest to that of a major  element of known  concentration  (typically Si or Ca), 
these  effects  can be minimized. This ratio of ion  yields is converted to concentra- 
tion by a relative s e ~ s i t i v i ~ ~ a c t o r ,  which for most  geological  applications is de- 
termined  from the slope of the  ion  yield ratio compared  to the concentration ratio 
from a set of standards  (Fig. 11 '2; see  Chapter 4). Analysis of multiple  standards 
allows  the  possibility of a nonzero  intercept,  indicative of either an i n t e ~ ~ r i n g  
species or surface  contamination, to be  evaluated. 

Matrix  effects  (termed i ~ s t r ~ m e ~ t a Z  mass bias) also  present  problems  in  iso- 
tope ratio analysis as the  measured  isotope  ratio is almost  always  light  isotope  en- 
riched  relative to the  accepted  ratio,  and  the  degree of this  enrichment  depends  on 
the  matrix  composition.  Although  mass  bias  variations  between  different  mineral 
compositions  are  relatively  minor for most  elements (a few  percentage  points  at 
most),  the  high  accuracy  required in isotope  analysis  (often 1% or better)  demands 
careful calibration. For isotope ratio measurements in essentially isochemical 
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phases  [e.g.,  oxygen  isotopes  in  quartz  (SiO,),  lead  isotopes  in  zircon  (ZrSiO4)1, 
the mass  bias  can be simply  calibrated  using  an  appropriate  standard.  However, 
many  minerals consist of chemical  solid  solutions, so that  some  means of corre- 
lating  mass  bias  to  chemical  composition  must  be  developed. A variety of empir- 
ical  mass  bias  relations  that  have  been  developed  (e.g.,  Riciputi et al., 1998; Eiler 
et al.,  1997;  Hervig et al., 1992; Deloule et al.,  19921  allow  prediction of isotopic 
mass bias for some  elements  in  some  minerals to be made  with  accuracy  that  ap- 
proaches  precision,  but a universal  model  has  yet  to  be  developed. 

With  the  exception of some  sulfides  and  oxides,  geological  materials  are  electri- 
cally  nonconductive, so that  sputtering  by a charged  primary  ion  beam leads to sur- 
face charging. As absolute  ion  yields, as well as relative  ion  yields,  between  dif- 
ferent elements  and isotopes of the same  element  vary  with  secondary  ion  energy, 
sample  charging  can  severely  compromise the analysis.  Surface  charging is dom- 
inated by the  charge of the  primary  ion  beam, so that  during  analysis by a nega- 
tively  charged  primary  ion  beam  (e.g., 0") an  excess  negative  charge  develops, 
and  bombardment by a positively  charged  primary  ion  beam  (e.g., 0,+, CS") pro- 
duces  an  excess  positive  charge.  An  additional  effect is caused  by  the  polarity of 
secondary  ions that are  analyzed:  Analysis of negative  secondary  ions  accentuates 
positive charge buildup as secondary  electrons  generated  during sputter in^ are ex- 
tracted  from the sample  surface. 

Negative  charge  build-up  can be dealt  with  relatively  easily by coating the 
sample  surface  with a thin layer of a conductive  material  (e.g., Au or C). Excess 
electrons  can  migrate  away  from the analysis  location  through  this  conductive 
layer,  preventing  charge  build-up, as long as the  sputtered  area is not so large  that 
the electrons  cannot  "jump"  to the conductive  layer.  Therefore,  analysis using an 
0- primary  ion  beam  circumvents  most  sample  charging  problems  and is typically 
chosen for most  trace  element  (and  Pb  isotope)  analyses.  However, as discussed 
earlier,  yields of electronegative  elements  (e.g., C, 0 ,  S) are  enhanced  by  orders 
of magnitude  by  using a CS primary  ion  beam  and  extracting  negative  charged  sec- 
ondary  ions.  This  produces a large  excess  positive  charge  build-up,  particularly 
under  bombardment by the relatively intense primary  ion  beams  required for pre- 
cise stable  isotope  analysis.  Efforts  to  compensate for charge  build-up  have  focused 
on  using an electron  gun  to  deliver electrons to the sample  surface  and  thus  neu- 
tralizing  positive  charging  [Migeon et al., 19901.  Even  with  an  electron  gun,  how- 
ever,  if  surface  charging is not  controlled  to  within a few electron volts the mass 
bias of light  elements  can  vary  significantly  during  the  course of the  analysis if sec- 
ondary  ions  with  kinetic  energies  near  zero  are  analyzed  (Fig.  1 1 ,3). Under  ex- 
treme  energy  filtering  conditions,  however,  mass  bias is stable over a range of tens 
of electron  volts,  so that perfect  charge  compensation is not  necessary for stable 
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Illustration  of  the  effect  of  changing  secondary  ion  energies  on inst~mental 
mass  bias  for  light  isotope  ratios.  Ratiom,,,  is  the  isotope  ratio  (either 180/160 or 34S/32S) 
measured  on a p~icular  mineral  by  secondary  ion  mass  spectrometry (SIMS), Ratioaccept 
is  the  accepted  value  for  the  same  mineral.  Results  for 180/160 utilizing  a CS primary  ion 
beam  and  negative  secondary  ions  for  phosphate,  silicate,  and  carbonate  have  very  similar 
shapes.  Results  for 34S/32S measurements  on  the  mineral  pyrite (FeS,) also  illustrate  the  ef- 
fect of  the  primary  ion  beam;  the  shape  of  the  curve  measured  by  a CS primary  ion  beam  is 
similar  to  the  results  obtained  for  oxygen  isotope  ratios  (using  a CS beam),  whereas  the  mass 
bias  dependence  is  very  different  when  sputtering  with  an  oxygen  primary  ion  beam. 

analytical conditions. Development of the extreme energy  filtering technique has 
allowed precise measurement of oxygen, carbon, and sulfur isotope ratios on in- 
sulators using  negative  charge  secondary ions [e.g.,  Hervig et al., 1992; Riciputi 
and Paterson, 1994; Riciputi et al., 19981. Recent improvements  in  the design of 
electron guns  have enhanced charge-compensation capabilities to the point  where 
it is feasible to utilize the much  more  abundant  population of low- energy second- 
ary ions, potentially improving  both sensitivity and precision [e.g.,  Lyon et al., 
1995; Leshin et al., 1997; Leshin et al., 19981. 

.1 Trace El~ment Analysis 

The ion microprobe has been  widely  applied to the analysis of trace elements in a 
variety of geological materials, as the excellent spatial resolution provides  the abil- 
ity to  study either elemental zoning patterns in a large mineral or to analyze phases 
that are too fine-grained  (or are too limited in quantity) to make separation and 
bulk analysis practical. In comparison to other techniques, the ion probe also of- 
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fers the ability to analyze  a  wide  variety of elements at part  per  billion  to  part  per 
rnillion  concentrations.  Major  applications of SMS for trace  element  analysis in- 
clude (1) light elements  (e.g., Li, Be, B, F, H,O contents);  (2) the lanthinide, or 
rare earth, elements (REEs); (3) precious  metals  (e.g.,  Au,  Ag, Pt); and (4) a  vari- 
ety of other  heavy  trace  elements. The greatest  application of SIMS  in  elemental 
analysis  has  been  in  the  area of igneous  petrology,  but  use  in other areas of  geo- 
chemistry is increasing. 

Melt Inclusions 
In recent  years, the ion  rnicroprobe  has  been  extensively  used to evaluate the chem- 
ical composition of a  magma  prior to its  eruption. This i n f o ~ a t i o n  is exceedingly 
difficult to obtain by using  bulk  samples, as degassing  during  eruption  and 
posteruption  typically  obscures  the  record of primary  magma  chemistry.  However, 
small  melt  inclusions  are  often  trapped  during the growth of a  mineral  (phenocryst) 
in the  magma  prior  to  eruption  and  are  thus  isolated  from  subsequent  alteration. 
Typically, SIIvlS analyses of trace  element  and  volatile  contents  (particularly  water) 
of melt  inclusions  are  coupled  with  electron  microprobe  determinations of major 
element  contents.  Analysis of multiple  melt  inclusions  in  zoned  phenocrysts  can 
yield  information  on  the  evolution of a  magma  body  through  time  and  the  com- 
ponents  involved  in its generation.  As  the  studies to be described  here  have  demon- 
strated,  the  ion  microprobe  has  opened  up  a  new  area of research,  providing  in- 
formation  on  primary  magmatic  compositions that have hitherto only  been 
speculative. 

Melt  inclusion  studies  have  been  carried out on  a  range of igneous  rock  com- 
positions,  some of them  focusing on silicic  rocks  associated  with  explosive  vol- 
canism.  Webster et al. [ 19941  utilized  glass  inclusions  in  quartz  phenocrysts to de- 
terrnine  the  original  composition of highly  altered  air-fall  ash  deposits.  Hervig  and 
Dunbar [ 19921  examined  glass  inclusions  from the Bishop  and  Bandolier  tuffs  and 
concluded that compositional  zoning  in  both  units is the  result of mixing  between 
two  different  rhyolitic  magmas  in the magma  chamber.  Wilding et al. 119931 found 
that  glass  inclusions  in  quartz  phenocrysts from peralkaline  rhyolites  from the 
Kenyan rift had  relatively  high  water  content (>3%), in contrast to  low  values 
(~0.5%) in the matrix  glass. This indicates  that  significant  degassing of the magma 
occurred  during  or  immediately  before  eruption. The authors  suggested  that this 
degassing  could  have  been  a  driving force for eruption.  However,  Barclay et al. 
[ 19961  found no correlation  between  eruptive style and  volatile (H,O, CO,, F, and 
Cl) contents  in  melt  inclusions  from New Zealand  peralkaline  rhyolites  and  con- 
cluded  that  magma  supply  was  the  major factor controlling  eruptions,  Some  stud- 
ies have  focused  on  determining  the  composition of silicic magmas  associated  with 
the f o ~ a t i o n  of economic  deposits,  such  as  tin  mineralization  associated  with the 
Taylor  Creek  rhyolite  [Webster & Duffield,  19941  and  rare-metal  deposits  associ- 
ated  with  granites  [Kovalenko et al., 19957. 
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Primary magma compositions, especially water contents, have  been the 
focus of a  number of studies  on  igneous  rocks  associated  with  arc  magmatism. 
Roggensack et al. [ 19971  found  that  water  and  carbon  dioxide  contents  in  melt in- 
clusions from the explosive 1992 eruptions of Cerro  Negro  volcano  were  elevated 
compared to those in the  nonexplosive  1995  eruptions  and  argued  that  this  increase 
could be related  to  the  level of magma  ascent in the  crust.  Portnyagin et al. [ 19961 
studied  glass  inclusions  in  olivine from bonitite  and  concluded that at least four 
different  components  were  involved  in  magma  generation.  Sobolev  and  Chaussi- 
don 219961 studied  glass  inclusions  from  Mg-rich  olivine  in  basalts  and  other  ul- 
tramafic  magmas.  Their  results  suggested  that  water  contents  in  ocean-ridge  mag- 
mas  are  low  (0.1 to 0.5  wt%)  but  are  much  higher (1-3 wt%) in more  evolved 
bonitites  and  other  arc-related  magmas.  Ohnenstetter  and 
out  a  detailed  investigation of bonitites  and  suggested  that 
evolved  magmas  could be explained  by  fractional  crystallization  processes.  How- 
ever,  analysis of glass  inclusions  in  phenocrysts  from  arc-related  magmas  from  the 
Cascades  led Sisson and  Layne [l9931 to  conclude  that fractional crystallization 
alone  could  not  generate the range of water  contents  observed.  They  suggested that 
assimilation of a  water-rich  component  was  required  during  generation  or crustal 
modi~cation of these  magmas.  Rampone et al. [ 19971  utilized  glass  inclusions to 
study the process of melt impre~nation and pe~dotite-melt interaction  in  ophio- 
lites. Curenko and  Chaussidon [ 19951  found  both  enriched  and  depleted  primitive 
melt  compositions from melt  inclusions in olivine  from  Icelandic  tholeiites;  they 
suggested  that  continuous  melting of a  mantle  column  could  generate  the  observed 
range in  compositions. 

antle X e ~ o l i t ~ s  and 

Along  with  studies  of  melt  inclusions,  the  study  of  mantle x e ~ o Z i t ~ ~  (samples of 
mantle  material  entrained  and  brought  to  the  surface  in  eruption  magmas)  and  ex- 
humed  mantle  rocks is one of the most  common  applications of S ~ M ~  for trace el- 
ement  analysis. SIMS is ideally  suited to this  task,  as  there is no  need  to  try to make 
mineral  separates  from  what  are  often  limited  amounts of sample,  alteration  can 
be  prevented,  and  zoning  easily  studied. 

Taylor et al. [ 19961  examined W E  patterns  from  inclus 
garnet  and  clinopyroxene in d ia~onds  and  compared them  to 
in  garnets  and  clinopyroxenes of the eclogitic rocks  hosting  the  diamonds.  They 
found  no  simple  relation  between  the  two  sets of data,  indicating  that  the  diamonds 
formed  under  different  conditions from those  recorded in the host eclogite xeno- 
liths. Tribuzio et al. [l9961 examined EEE distributions  in  blueschists  and  eclog- 
ites to d e t e ~ n e  their fate during  subduction of sediments  and  the  resulting  high- 
pressure, low-temperature  metamorphism. They found that the light REEs 

Es) were  partitioned into stable  minerals  such  as  lawsonite  and epidote, and 
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Studies of Diagenesis and Other L o ~ - T e m ~ ~ r a t ~ r e  Geochemical 
Processes 

Although  most ion microprobe trace element work  has focused on igneous and 
metamo~hic petrology, applications to processes occurring at lower temperatures 
have  been steadily increasing. Probably  the  biggest single area of study  has fo- 
cused on trace elements in carbonate minerals. Early studies evaluated the poten- 
tial of the ion microprobe for analysis of Sr, Mn,  Fe,  and Mg in calcite and dolomite 
[Mason, 1987; Swart, 1990; Veizer et al., 19877 and demonstrated sensitivities of 
1 to 10 pp". Mason 119871 used this method to evaluate potential correlations be- 
tween chemical composition and cathodoluminescence in calcite cements from a 
Lower Carboniferous limestone in Wales  and  showed  that Mn was the main acti- 
vator  and  Fe a suppressor.  Savard et al. [l9951 confirmed these results, demon- 
strating that 120 ppm of Mn is required to activate luminescence, and that Fe con- 
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centrations  above  1400  ppm  quench it. However,  they also showed  that at Mn  con- 
centrations  between 20 and  225  ppm,  a  wide range of luminescence  types  could 
occur,  suggesting  additional controls on  luminescence  behavior.  Riciputi et al. 
[ 1994a1  examined B, Na,  Mg, Fe, Mn,  Sr,  and  Ba  contents  in  carbonate  cements 
from  Devonian  reefal  carbonates  in the Western  Canada  Sedimentary  Basin.  They 
demonstrated  that  primary  compositional  variations  over  scales c100 pm were  pre- 
served  through later diagenesis,  suggesting  that trace element  compositions  can be 
used for early  diagenetic inte~retations even in old  and  deeply  buried  carbonates. 
The nature of fluids  responsible for alteration of carbonaceous  chondrite  meteorites 
was  studied by trace  element  analysis of carbonate  [Riciputi et al., 1994bl. They 
suggested  that  the  increasingly  brinelike  nature of the  fluids  calculated to be in 
equilibrium  with  these  carbonates  could  have  been  formed  by  membrane  filtration, 
low-pressure  boiling, or addition of components to the  fluid  during  formation  of 
phyllosilicates. 

Recently,  SIMS  analysis of rare earth  elements  has  been  applied to diage- 
netic  problems.  Srinivasan et al. [ 1994,19951 examined REE contents  in  Cambrian 
and  Ordivician calcite cements in platform  carbonates from Tennessee,  demon- 
strating  that  the rare earth element  patterns  might be used  to  determine the matu- 
rity of the fluid  source  rocks  and  that  rare earth contents  could be used to deter- 
mine  paleofluid  flow  direction. REE zoning  in  fracture-filling calcite cement  from 
Yucca Mountain  was  suggested to reflect  variations  in  water table levels  during 
calcite precipitation  [Denniston et al., 19971. SIMS  has also been  used  to  analyze 
REE contents in individual conodont fossils from the upper  Devonian  period 
[Crandjeanlecuyer et al., 19931. The researchers  found  that the REE patterns  in 
these  conodonts do not  resemble  those of post-Cretaceous  biogenic  phosphates  and 
suggested  that REE contents  in  pre-Cretaceous  seawater  were  controlled by des- 
orption-adso~tion processes  rather  than  being  nutrient  controlled. 

SIMS has been  used  increasingly  to  measure isotope ratios for a  variety of ele- 
ments  in  geological  materials.  In  the  1980s,  two diEerent domains  were  major  re- 
search  areas  using SINS. The first is isotopic ~s trop~ys ics ,  the  use of SMS to an- 
alyze anomalous isotope ratios of elements  such as C, N, 0, Mg, Si, Ca, and  Ti ib 
tiny  inclusions  from  meteorites  and stellar dust  that  record  information on both 
stellar nucleosynthesis  processes  and  formation of the  early  solar  system. The sec- 
ond is the  use of large-radius  SIMS inst~ments to obtain  ages of igneous  and  meta- 
morphic  events by dating  zircons  by  using the U-Pb isotope system.  Improvements 
in  precision  and  accuracy since the  early  1990s  have  led to increasing  application 
of SINS for the  analysis of light  stable isotope ratios (e.g.,  D/H, B, C, 0, S) in  both 
extraterrestrial  and  terrestrial  systems. 
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the property that many sulfide minerals are conductive, sulfur isotopes were the 
first light isotope system  explored in terrestrial systems utilizing SIMS, with lit- 
erature dating back into the mid-1980s [see McKibben and Riciputi, 1998, for a 
review]. SIMS has been  used  extensively to  analyze sulfur isotope fractionations 
in economic deposits and  to investigate sulfur isotope systematics in the mantle. 
More  recently, SIMS has also been  applied  to  study  sulfur isotope systematics in 
a  lower-temperature diagenetic setting where biological activity can play  a more 
direct role. The ion microprobe  has proved invaluable for discerning rnicroscale 
isotopic zonations  associated  with  different  paragenetic  events  that  would be  im- 
possible  to  discern  utilizing  conventional  techniques. 

Lu et al, [l9961 used the S ~ M P  to investigate  microscale  sulfur isotope 
systematics  in  slate-belt Au deposits from New  South  Wales,  Australia.  They  found 
systematic  temporal  shifts  in 634S values,  which  they  attributed  to nixing of flu- 
ids, sampling  two  different  sulfur isotope reservoirs  with 634S values of  +7  and 
O%O, suggesting  a shift from  local  sourcing of sulfur  in  a  reduced  fluid  to  a  more 
oxidized  fluid  derived kom deeper  in the crustal sequence.  McKibben  and  Eldridge 
[ 19951  found  evidence for two  sources of sulfur  in  the  pyrite  and  chalcopyrite  from 
the Pb-Zn deposits of the Viburnam  Trend in Missouri,  in the United  States.  Al- 
though all sulfides  were  zoned  with  isotopically light cores  and  heavier  rims,  early 
pyrite  had 634S values (- 10 to + 10%0)  distinct  from later chalcopyrite (0 to +25%0). 
They  suggested  that  the  zoning  and  temporal  shifts  originated either by mixing of 
two  sulfur  sources  or  by  poorly  understood in situ  sulfur isotope kactionations, El- 
dridge et al. [ 19951  conducted an elegant  study of diamond  formation  using  a  va- 
riety of SIMS analytical  applications. SIMS U-Pb  dating  and 
vealed that two  different  populations of zircons  were  found in ~mberlites. Sulfur 
isotope analysis on sulfide  inclusions  in the diamonds  suggested  two different 
sources,  one  “pristine”  mantle  and  one  that  was  more  variable  and  whose 834S val- 
ues  were  consistent  with  a  more  oxidizing,  lower-temperature  crustal  source.  Using 
these  data,  they  suggested  that  kimberlite  formation  and  diamond  growth  were due 
to  the in~oduction of crustal material into the mantle. 

Studies of sulfur isotope variations  in  Fe  sulfides  from  lower-temperature di- 
agenetic  settings  have  revealed large v~iations in sulfur isotope ratios. m e  ion mi- 
croprobe  was  used to investigate the potential  interplay of bacterial  and  thermo- 
chemical  sulfate  reduction in Devonian  reefal  carbonates of the  Western  Canada 
Sedimentary  Basin  [Riciputi et al., 19961. Isotopic  compositions  correspond  with 
Fe sulfide  textures:  early-formed  sulfide  had  light (-30 to -20%0) and late sul- 
fides  had  heavier (+l0 to +20%0) 634S values,  These  ranges  were  interpreted to re- 
flect  sulfide  formation  in  two distinct events.  The first, diagenetically  early,  was 
caused by bacterial  sulfate  reduction. The second  was  associated  with  deep  burial 
a d  thermochenical sulfate  reduction.  Riciputi  and  Hendry E19971 documented 
complex  temporal  zonations  in sulfides from the  North Sea Basin,  zoned  Fe sui- 
fides  revealing  an initial decrease  in 634S values  from + 15%0 to  and  then 
increasing  to  very  heavy  values (+50%0) toward  the  rims.  These  zonations  were in- 
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terpreted  to  reflect the input of multiple  fluid  sources  during  rapid  burial  associ- * 

ated  with  hydrocarbon  generation,  coupled  with the effects of Rayleigh  fractiona- 
tion.  Kohn et al. [l9981 investigated  sulfur isotope zoning  in foram casts  during 
initial burial  diagenesis  (0-20-cm  depth)  in  Monterey  Bay. The light isotopic val- 
ues indicate that  sulfide  was  formed  by  bacterial sulfate reduction,  and  Kohn et al. 
[ 19981  suggested  that,  if  the  system  were  closed to input of additional  sulfate,  iso- 
topic  zoning  could  be  used  to  map  the  temporal  growth of bacterial  colonies. 

Boron Isotopes. SIMS inherent sensitivity,  and lack of a matrix effect on 
instrumental  mass bias (contrary to  other  isotope systems), suggest that preci- 
sion of &S%O 6B. is possible for minerals with  boron concentrations in the 0.1- to 
l-mglg range, with precision improving as B concentrations increase [Chaussi- 
don et al., 19971. Chaussidon and Appel [ 19971  used  boron isotope analyses of 
3.8-billion-year-old  tourmalines from Greenland to constrain the isotope compo- 
sition of ancient  seawater to a 6B  value of  -1-27 & 13 %o. Measurement of the boron 
isotope ratio in glass inclusions from olivine phenocrysts in Icelandic basalts al- 
lowed Gurenlco and  Chaussidon [l9971  to estimate that the underlying  mantle 
was  homogeneous  with a 6B  value of - 11%0, similar to that proposed for prirni- 
tive  mantle. Smith and  Yardley [l9961 found a "0.6  to - l2.7%0  range in 6B Val- 
ues in magmatic  tourmaline  from  southwest  England,  and attributed the varia- 
tion to fractionation between  aqueous  and  melt species. Chaussidon and  Jambon 
[l9941  measured 23 contents and isotope ratios in a variety of oceanic basalt 
glasses.  They  found a range of values  between -7 and  +1%0 6B, suggesting  lim- 
ited enrichment of 11B in the upper  mantle,  which constrains boron  recycling 
into the  mantle  to -2% of  the  amount  in  the  subducted  slab. 

~ y ~ r o g e ~  Isotopes. Hydrogen isotope studies have been relatively lim- 
ited, but the ability to measure  D/H ratios on the <50-pm scale with 3-10%0 pre- 
cision has  great  potential.  Deloule et al. [ 19911  found 6D values of - 80 to - i25%0 
in mantle-derived  hornblendes  from Salt Lake Crater, Hawaii.  The  presence of 
low (- 12S%0 6D)  rims  suggests an isotopically light hydrogen reservoir in the 
suboceanic mantle, and the preservation of 50%0 variations suggests that hydro- 
gen isotope compositions  in the mantle  are  heterogeneous.  Even  larger  intragrain 
variations  in  6D  values (1 10%0) of mantle  amphiboles  were  documented by Gra- 
ham et al. [ 19941. 

Carbon Isotopes. To date, carbon isotope studies on terrestrial samples 
utilizing the ion  microprobe  have  been limited. Compared to the expected  values 
of W-- 6%0, Mathez et al. [ 199Sl found very light 613C values in microdiamond 
(- 30.7%0) and  moissanites (Sic, -22 to -29%0)  from a kimberlite in Yakutia, 
Russia.  They  suggested that these light  values  might reflect inco~oration of 
crustally-derived carbonaceous  sediment that had  been  subducted,  and the low 
oxygen  fugacity  required for moissanite  stability  indicated  that it might  be  stored 
in a very  reduced  area of the mantle.  Mojzsis et al. [ 19961  found  isotopically  light 
carbon in apatite from 3.8-billion-year-old rocks  from  Greenland. They argued 
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that the presence of light carbon indicated that metabolic  pathways  (life)  were 
established by this  time  in  earth's  history. 

~ ~ y g e ~  Isatapes. As a result of technical development  allowing  meas- 
urement of 6180 values  with precision of 1%0 or better in insulating phases, use 
of SIMS for oxygen  isotope  analysis  in  terrestrial  samples has grown  rapidly  over 
the past 5 years. A  number of studies have focused on processes  occurring dur- 
ing diagenesis in  basinal settings, and  in  particular,  in the study  of isotope varia- 
tions in quartz overgrowths. Hervig et al. [ 19951 documented 10%0  within-Sam- 
ple  variations  in 6 180 values  in  authigenic  quartz  overgrowths  in the Kiskatinaw 
 ands stone and  suggested that they precipitated from  meteoric  fluids at low 
(15"-35"C) temperatures.  Analysis of authigenic  quartz  overgrowths  from the 
Travis  Peak  Formation  (Texas)  indicated a range of 61 8 0  values  from  22  to  35%0 
[Williams et al., 19971. Zoning patterns were interpreted to indicate that early 
overgrowths (6 180  > 29%0) formed  from  meteoric fluids (6 180  O%o) at tem- 
peratures <50"C,  with  most of the cement  formed between 60°C and 90°C  from 
an  isotopically  heavier  fluid.  Graham et al. [ 19961  documented  differences in the 
oxygen isotope composition  between  samples of the St.  Peter  Sandstone in the 
deep basin of Michigan  (buried at -3 h depth, 6180 12 to 22%0)  and  those  that 
were formed at more shallow depths on the Wisconsin  Arch (61 8 0  values 18 to 
32 %o), Spot1 et al. [ 19991  examined  authigenic  quartz  formed  at  higher  tempera- 
tures (~200°C) from the Spiro  Sandstone in the Arkoma Basin. They were able 
to distinguish two  quartz  cements,  each  with relatively limited compositional 
variation (20.4%0 * 1.4%0,22. 1%0 * 1.7%0) compared to that observed in quartz 
cements  formed at lower temperatures. Compared to conventional  methods  for 
analyzing quartz overgrowths, which utilize mechanical separation, all of these 
SIMS studies have  documented  both a larger range and  heavier 6180 values  due 
to  lack of contamination by isotopically  light  detrital  quartz. 

SIMS has also been  applied to other  authigenic  phases.  Chen et al. [l9981 
utilized  SIMS  to examine the oxygen isotope compositions of authigenic  potas- 
sium  feldspar  cements  from the Mount  Simon  Sandstone  in  the  Illinois  Basin.  They 
documented  an  increase of  10960 in 6l80 values of feldspar northward  along a 600- 
krn transect  across  the  Illinois  Basin.  Coupled  with  constraints  suggesting a rela- 
tively  constant  temperature of formation for quartz  and feldspar cements  across 
the  basin,  they  suggested  this  trend  was  consistent  with  fluid  migration from south 
to north.  Ripperdan et al. [ 19981 utilized SMS analyses of oxygen  isotopes  in  au- 
thigenic  magnetite from the Belden  formation to constrain  authigenic  fluids to 6l80 
values 4%0, consistent with  formation  from  meteoric  rather  than  basinal  fluid.  Pa- 
leomagnetic  measurements on authigenic  magnetite  are  often  used to date the  time 
of basinal  fluid  rnigration;  these  results  demonstrate  that  formation of authigenic 
magnetite is not  necessarily  linked to migration of basinal  fluid. 

Several  studies  have  utilized SIMS to examine  higher-temperature  fluid-rock 
interaction  in a hydrothermal  setting.  Single  garnets  from  the  Dalnagorsk  borosil- 
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Results of analysis of a zoned  garnet  (Fe-AI  solid solution) from  the  Dalnagorsk 
borosilicate deposit. Top, backscatter  image; lighter areas  have  higher  Fe  content.  Scale  bar 
= 100 pm.  Middle,  plot  of  the  variation  in  oxygen isotope ratio  (solid circle and  narrow  solid 
line), I3 content  (open  triangle  and  dashed line), and  percentage  Fe garnet component  (An- 
dradite; Ca,Fe,Si,O,,  wide solid line). Analysis  numbers are plotted  across  the  top.  Bottom, 
plot of the  variation of other  trace  element  contents  as a function of distance from  the  core 
of the  garnet  (analysis 1). Note  the  strong  covariation  between  oxygen isotope composition 
and  trace  element contents. 

icate deposit in Kamchatka,  Russia,  were found to  preserve  complicated  zonations 
of up  to  12%0  in 618Q values  over  a  few  hundred  micrometers  (Fig.  11.4)  [Crowe 
et al.,  1999;  Benezak et al.,  19951. These variations,  which  are  correlated  very  well 
with trace element  variations,  are  interpreted to be due to large fluctuations  in  per- 
centages of meteoric  and  magmatic  components  in the fluid  during  growth of the 
garnet;  repeated  cycling is interpreted to be  due to repeated overpressu~ng of the 
magmatic  fluid.  Mora et al. [ 1998,  19991  were  able  to  use  microscale  zonations  in 
oxygen  isotopes to determine  that  alteration of the Boehls  Butte Ano~hosite, Idaho, 
which has bulk 618Q values  ranging  from +6 (igneous) to --6%0, occurred  after the 
peak of metamorphis~ at 60 Ma.  SIMS  analysis  revealed 618Q values  as  light  as 
- 15%0,  and  modeling of steep gradients  in  oxygen isotope ratios  in single thin  sec- 
tions indicates  that  large-scale  alteration  took place very  rapidly (-10  ky)  at high 
(>5OO0C) temperatures. This indicates  relatively deep penetration (5-10 km) of 
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meteoric  fluid  during  detachment  faulting.  Valley  and  Graham [l9961 examined 
hydrothermal  alteration  in  granites  from  the Isle of Skye,  Scotland.  They  found 
that 6180 values  in  quartz  were  heterogeneous,  varying by  up  to  13%0  over  scales 
<l m, with  low  values  corresponding to healed  cracks.  They  suggested  that  quartz 
and feldspar interacted in contrasting styles, with quartz reacting along  mi- 
crofractures,  and feldspar exchanged  principally  along  grain  rims. 

Age ~ e t e r ~ i n a t i o n  (Heavy isotope Ratios) 

Over the past  15  years,  one of the  major  applications of SIMS in earth sciences  has 
been  in  the  analysis  of  Pb isotope ratios in  the  mineral  zircon, to obtain  age  infor- 
mation from the  U-Pb  isotope  decay  system;  as  seen  in  Fig. l 1.1, at least  20% of 
the  geoscience  papers  published  annually  involve  heavy isotope analysis.  In fact, 
the  requirement for high  sensitivity  at  high  mass  resolution  in  these  analyses  has 
been the driving force behind  the  development of the  large-magnetic-radius in- 
struments  (SHRIMP I, 11, RC; Cameca  1270). SIMS studies  have  revealed  com- 
plex age information  contained in single zircon  grains  that is nearly  impossible to 
resolve by conventional  techniques.  Given  the  proliferation of SIMS in  this area 
of research,  the  few  recent  examples  that  follow cannot  do justice to this  particu- 
lar area of research.  Readers are referred  to an excellent  overview for further in- 
formation  [Williams, 19981. Whitehouse et al. [ 19971  investigated the discrepancy 
in  ages of the  Archean  Lewisian  gneisses  using  Sm-Nd  and  Pb-Pb  bulk  techniques, 
as  both  methods  yielded  ages of  -2.8  Ga using  whole  rock  isochrons.  However, 
mineral  separates of ~ondhjemite yield  ages of  -2.4 Ga,  whereas  mineral  sepa- 
rates from the  hornblendite  give  an  age of 3.3  Ga. SIMS U-Pb  ages  on  zircons from 
both  rock  types  gave  ages  similar to the whole  rock isochons (-2.8 Ga), andmite- 
house et al. [l9973 suggested  that  the  anomalous  mineral  separate  ages  resulted 
from  resetting  during  regional metamorp~sm ( t r o n ~ j e ~ t e )  or postcrystallization 
open-system  behavior (ho~blendite). The capability  to  analyze  different  areas 
within a zircon,  each  possibly  formed  during a different  geological  event, is par- 
ticularly  powerful  when  coupled  with  other  techniques  such  as  cathodolumines- 
cence  imaging.  This  was  elegantly  illustrated by  Vry et al. E19961 in  their  investi- 
gation of the timing of metamorphism  in  the  Reynolds  Range,  Australia.  Although 
earlier U-Pb  zircon  work  suggested  that  the  final  episode of low-pressure,  high- 
temperature ~ e t a m o r p ~ i s m  occurred  at  -1780 Ma, dating  of  narrow  zircon  over- 
growths  [identified by cathodulumiuescence  (CL)]  and  zircons  in  rocks  associated 
with  partial  melting or metasomatism  reveals  that the granulite  metamorphism  oc- 
curred  at  1580  Ma.  Collins  and  Williams [ 19951  also  used  ion  microprobe  U-Pb 
dating to discern  that  high-temperature,  low-pressure metamo~hism in  the  Arunta 
Inlier (Australia)  consisted of a series of distinct ~lO-Ma-~uration episodes  be- 
tween  1820  and 1600 Ma,  rather  than a single  long-duration (>lOO-Ma) event. The 
potential  pitfalls  in  ion  microprobe  analysis of some  zircons  was  illustrated by 
Wiedenbeck [ 19951,  who  found  zircons  with  very  low UPb ratios  that  yielded 
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SHRIMP 238Upo6Pb  ages  as  old  as  7.2  Ga,  much  older  than the 207Pbpo6Pb  con- 
cordia age of 2.68  Ga.  Isotope  dilution  thermal  mass  spectrometry  analysis of the 
same  zircons  demonstrated that the ion  microprobe UPb ratios were  too  low. This 
was  attributed to the presence of a labile Pb  component  within  amorphous  mi- 
crodomains that had  an  anomalously  low UPb  ion  yield,  which  invalidated the 
SHRIMP U-Pb  ion  yield  calibration. 

Recently,  SIMS  dating  techniques  have  been  extended to very  young  rocks, 
using  both  “traditional”  U-Pb  zircon  techniques  and  recently  developed  methods 
of  U-Th  disequilibria.  Gebauer et al. [ 19971  examined  zircons  in  the  ultrahigh- 
pressure  rocks of the  Dora  Maria  Massif  in the western  Alps  and  determined  the 
age of metamorphism  at  35.4 ~fl: 1 Ma; fission  track  ages  in  apatite indicate that the 
rocks  had  cooled  below  290°C by  29.9  Ma. These results indicate that vertical  dis- 
placement of 120 km occurred  very  rapidly  over 5-6 Ma.  Baldwin [ 19951  utilized 
SHRIMP of zircons  in  gneisses  and  granodiorites  in  Papua New Guinea to inves- 
tigate the timing of recent  magmatism  and  metamorphism  during  metamorphic 
core  complex  formation;  they  determined  that  the  granodiorites  crystallized  in  the 
period  1.65  to  1.98  Ma  and  that  peak  metamorphism  occurred  slightly earlier (-2.6 
Ma). The decay of 232Th  to  208Pb  was  used to date  monazite  in  leucogranite to help 
constrain  the  timing of activity  on  the  North  Himalayan  Fault  [Harrison et al., 
19951.  They  detected  both  inherited  monazite (-600 Ma),  casting  doubt  on earlier 
bulk  studies,  and  a  major  population  yielding dates of 22.4  Ma,  which  they inter- 
preted  as the crystallization  age,  indicating  that the fault  was  active by this  time. 
Reid et al. [l9971 used  U-Th  disequilibria in zircon  to  investigate the residence 
time of young  rhyolites  in the Long Valley Caldera,  with  results  indicating  that the 
zircon  remained  suspended  in  the  magma for at least 100,000 years.  These  results 
indicate that  even  small  magma  reservoirs can remain  molten for relatively  long 
periods,  presumably  as  a  result of regular  recharge  by  more  mafic  magma. 

Another  area of recent interest has  been the use of the  ion  microprobe  to  date 
zircons  in  sediments to determine  sediment  sources.  Goldstein et al. [l9971 found 
three distinct age  populations (2.8,2.1,1.1 Ga) in detrital zircons fkom the Orinoco 
River,  Venezuela.  These  ages  coincide  with  periods of active crustal growth  in 
South America  and  suggest  that  sediments  are  being  sourced from areas  contain- 
ing all three crustal ages, In  contrast,  Sm-Nd  model  ages of the  fine silicate sedi- 
ment  give an age of 1.9  Ga,  which  does  not  correspond  to  a single c ~ s t - f o ~ i n g  
event  but  can be used to obtain  a  “weighted  average’’ of the crustal ages of the  sed- 
iment  sources. Pel1 et al. [ 19971  utilized  U-Pb  dating of zircons from three  Qua- 
ternary  dunefields  from  Australia to determine  that  the  sands are deriving  material 
both  locally  and from sources up to 850 km distant,  with  significant  changes in 
sourcing  suggesting  recent  shifts  in  climate  and  sediment  transport  patterns.  Ad- 
ditional studies of detrital sourcing  using  U-Pb  dating of zircons  include  those of 
Gray  and  Zeitler  [1997],  who  examined clastic wedges  in the Appalac~an fore- 
land,  and  Morton et al. [ 19961,  who  investigated  zircons  from the Statfjord  For- 
mation,  North Sea and  determined  that  two of three  zones  distinguished by differ- 
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ences in  heavy  mineral  content  were  sourced from the same  area,  whereas  the  third 
zone  had  a  different  source  area. 

x~e~imental Studies 

SIMS  has  become  one of the most  important  tools for the  characterization of ex- 
perimental  products  because of its minimal  sample  requirements,  high  spatial res- 
olution,  excellent  sensitivity,  and  unsurpassed  ability for depth-profile measure- 
ments.  Most of the experimental  work  can be split into two different areas. The 
first  consists of studies  examining  diffusion  rates of different  elements  in ~ n e r a l s  
or  melts  under a variety of pressure,  temperature,  and  fluid  conditions,  typically 
by using  an  isotopically  enriched  tracer.  These  analyses  are  done either by cutting 
a  surface  parallel to the  diffusion  direction  and  taking  a  traverse of spot  analyses 
(for  conditions in which  profiles  in the tens to hundreds of micrometers  are  ex- 
pected) or by depth-profiling  in  from  the  mineral  surface  to  depths of as much as 
5-10 micrometers.  In  the latter mode,  depth  resolution  on the tens of nanometer 
scale is possible  (see  Chapter  4). The second  area is focused  on d e t e ~ n i n g  par- 
tition  coeflicients for trace elements  between  different ~ n e r a l s  and  fluids/melts at 
specific  temperatures,  pressures,  and  fluid  conditions,  to  provide  the data needed 
to  interpret  trace  element  contents  measured  in  natural  minerals.  This  type of analy- 

ally  involves  spot  analysis of mineral  run  products. 
iffusion e ~ p e ~ m e n t s  can be split into several  general  areas. Studies of dif- 

melts  have  included  investigations of cation diffusion in ~aplobasaltic 
melts  [LaTourette  and  Wasserburg, 199’7; LaTourette et al., 19961, Si and 0 self- 
diffusion  in  basaltic  liquid  [Lesher et al.,  19961,  and B diffusion  in  haplogranitic 
melts [ ~ h ~ a b o r t y  et al., 19931. Most  anion  diffusion  studies  have  focused  on  oxy- 
gen  diffusion  in  a  variety of minerals? including  sanidine  [Freer et al., 199’11, ti- 
tanite  [Morishita et al.,  19961,  grossular  (Ca-bearing)  garnet  [Wright et al.,  19951, 
calcite  [Farver,  19941,  and  anlsermanite,  anorthite,  diopside,  and  spinel  [Ryerson 

egan, 19941. Examples of cation  diffusion studies include alkali  diffu- 
sion  in  feldspar [Gilletti and Shanahan, 199’71, Ca and  Mg in garnet [ 
al.,  1996,  1995;  Chakraborty  and  Rubie, 19961,  and Sr in amphibol 
et al,  19951  and  plagioclase  feldspar  [Gilletti  and  Casserly,  19941.  Diffusion  along 
grain b o u n d ~ e s  between  minerals  has  been  investigated  in a number of systems, 
including Ca in calcite [Farver  andYund,  19961  and 0 and M in M- ~eldspar/quartz 

tes  [Farver  and Yund,  19951. 
ecause of a variety of factors, including  strong  interest in the  igneous  petrol- 

ogy c o ~ u ~ ~  and  rapid  rates  that  allow  relatively  simple  and  short  experiments, 
most e q ~ i l i b ~ u m   p ~ i t i o n i n g  studies have  focused  on trace element  distributions 
between  silicate  melts  and  various  minerals.  Examples o ese types of studies  in- 
clude ~ p ~ b i b o l e  and  quartz-diorite  to  tonalitic  melts  ein et al., 19971, para- 
gasite and andesitic melt  [Brenan et al, 19951, amphibole and phlogopite in 
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basanitic  melt  [Latourette et al,  19951 , clinopyroxene  and  melt  [Gaetani  and  Grove, 
1995;  Hart  and  Dunn,  19931,  garnet  and  clinopyroxene  in  basaltic  melt  [Hauri et 
al., 19941, and  hornblende  and  melt  [Sisson, 19941. Experiments  have also exam- 
ined the partitioning of high-field-strength  elements  between rutile and  aqueous 
fluids  under  conditions  expected  during  subduction  [Brennan et al., 19941. SIMS 
has  been  used to measure  water  contents  in  water  solubility studies in albite [Pail- 
lat et al., 1992) and  along  the  albite-orthoclase  mineral join and  in  rhyolite  melts 
[Miyagi et al., 199'71. 

A more  recent  development  has  been the application of SIMS to examine 
isotopic  behavior in different  geological  systems.  Hammouda et al. E19961 dis- 
covered  that Sr isotope  compositions  in the liquid  formed  during  melting of a 
feldspar  and fluo~hlogopite mixture  were  zoned;  that  suggests  that  partial  melts 
are  not  in  isotopic  equilibrium  with  bulk  values  in  the  source  area.  With  advances 
in  the  precision  and  accuracy of light  stable isotope analyses,  SIMS is also begin- 
ning  to  be  used to determine  equilibrium  partitioning  coefficients of light  stable 
isotopes  between  minerals  and  coexisting  fluids.  Fortier et al. [l9951 used SMS 
to determine  oxygen isotope compositions  in  small  grains of magnetite  grown  in 
water at 35OoC, demons~ating excellent  agreement  between  SIMS  analysis of sin- 
gle grains  and laser ablation  gas  source  spectrometry  on  bulk  samples of grains.  In 
addition,  the  SIMS  analyses  demonstrated isotopic equilibrium  was  present at a 
fine  scale,  minimizing  concerns  about  possible  kinetic or other nonequilibrium  ef- 
fects.  Another  recent  novel  experimental  technique  involves  developing  diffusion 
profiles  between  isotopically  labeled  water  and  single  mineral crystals so that  the 
isotopic composition of the outer 1- to 2-pm rim is very close to  equilibrium  with 
the fluid  [Riciputi et al.,  1998a;  Chacko et al., 19991.  By analyzing  the  composi- 
tion of this  rim  using  shallow  craters  sputtered into the face of the mineral  and  run- 
ning  two  experiments  using  fluid  compositions  that  are  isotopically lighter and 
heavier  than  the  mineral,  the  equilibrium  fractionation factor can  be  tightly  brack- 
eted, as  demonstrated for hydrogen  isotope p~i t ion ing  between  water  and  epi- 
dote.  This  technique  allows  differing  reaction  mechanisms (difhsion versus  solu- 
tion/reprecipitation) to be  distinguished  and  promises to open new avenues of 
experimental  investigation  using SMS to determine  isotope  fractionation  factors 
in  mineral  systems  that  are  difficult to address  by  conventional  methods. 

11. 

In the  past 10 years, SMS has  become  an  important  instrument  in  geochemistry. 
The period  has  witnessed  a  rapid  expansion  in the types of SIMS  analyses  that are 
being  conducted,  and  in the types of rocks  and  geological  settings/processes  that 
are  being  investigated.  In  many  ways, the potential  applications of SIMS  in  geol- 
ogy  are just beginning to be  explored,  but  already the microscale i n f o ~ a t i o n  that 
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SINIS has provided  has  led  to  important new insights into the  processes  that  are 
wide  variety  of  geological settings, and  the  fundamental  mecha- 
le for the  macroscale features that  are  observed. SI 

ytical  techniques continue to evolve  rapidly,  promising  even  greater 
the  near future, capabilities that will certainly be ex~loited in an 
variety of geochemical  investigations. 
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The time-of-flight  mass  spectrometer  (TOF-MS)  shows  a great deal of promise  in 
becoming  a  valuable  tool for inorganic  mass  analysis.  In  a  number of applications 
and in conjunction  with  myriad  ionization  schemes  TOF-MS is being  used  with 
great  success.  Recently  a  number of investigators  have  attempted to exploit  the 
unique  attributes of this versatile  mass  spectrometer for inorganic  mass  analysis. 

Among  the  many  important features of a  TOF-MS is its ability to determine 
simultaneously all mass-to-charge  values  within  a  mass range of interest, and  with- 
out  moving  parts or scanning  fields.  As  a result, the TOF-MS is freed from many 
of the  constraints  faced  by  sequentially  scanning  instruments  and  enjoys  precision, 
sensitivity,  and  resolution  that  are  independent of  mass  coverage.  Time-of-flight 
(TOF)  mass  analyzers  are also recognized for their  unsurpassed  speed of analysis, 
producing full mass  spectra  in tens to hundreds of microseconds  and  generating 
thousands of complete  mass  spectra  every  second  when  coupled to continuous  ion- 
ization sources. Such high  spectral  generation rates make  TOF-MS  very  well  suited 
to provide  complete  mass  spectral  characterization of transient  events,  and  with 
high  temporal  resolution. This  same attribute also makes TOF instruments  capa- 
ble of providing  high  sample t~oughput  on  a masses/sample~our basis  when  uti- 
lized for routine  analysis. 
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The TOF-MS is physically  the  simplest of the  common  mass  spectrometers, 
consisting  conceptually of little more than an evacuated  hollow  tube. The lack of 
restrictive  architecture  (e.g., slits) allows  such  spectrometers  to be assembled  at 
reasonable  cost  and  with little complication  but  more  importantly  endows  a TOF 
with  high  transmission  efficiency.  Also  unique  among its attributes is the  theoret- 
ically  unlimited  mass range of a  TOF-MS,  allowing  spectrometers of similar de- 
sign to mass-analyze  species  from  protons  to  large  biomolecules  merely by utiliz- 
ing a number of alternative ionization sources. ~ndoubtedly, utilization of a 
TOF-MS for inorganic  mass  analysis  can  provide  a  number of advantages. 

It  bears  noting  that TOF, first  demonstrated  by  Cameron  and  Eggers  in 1948 
[l], is enjoying  a  resurgence of interest in recent  years. In part, this renaissance 
can  be  traced to a  number of  key advances  that  have  changed  the  way  TOF-MS is 
accomplished,  but  perhaps the trend i s  more  accurately  associated  with  an im- 
proved  ability to capture,  store,  and  analyze  the  enormous  wealth of information 
produced by such spectrometers, As this  ability  matures thr~ugh the application of 
more  advanced electrical engineering,  and  as  additional  advances  and  refinements 
are  made  within  the  field,  we  are sure to see  even  greater  exploitation of the  unique 
attributes of the  TOF-MS. 

Tn this  chapter, the principles of operation of TOF-MS are first  reviewed, 
with  an  emphasis  on  how  those  principles  relate to inorganic  mass  analysis.  Meth- 
ods of interfacing  continuous  ion  sources  with  a  TOF-MS  are  then  considered, 
since most  conventional  inorganic  ion  sources  (e.  g.,  plasmas)  are  continuous. The 
advantages of TOF-MS for inorganic  analysis  are  then  outlined.  Alternative  suc- 
cessful  designs of TQF-MS for inorganic  analysis  are  next  examined  and the per- 
formance of the two  dominant  designs  compared.  Components of typical TQF-MS 
instruments  are  reviewed,  including  ion optics, detectors, and  electronic  systems. 
Sample-introduction  and  processing  options,  such  as laser ablation,  electrothermal 
vaporization,  and  other  steady-state  and  transient  methods,  are  covered  next. We 
conclude  with  a  projection of  what  the future might  bring  in  the  area of inorganic 
TQF-MS. 

All  time-of-flight  mass  spectrometers  operate  on  the  basis of the  same  straight- 
forward  physical  principle:  ions of different  mass (m), given the sane kinetic en- 
ergy (K@, achieve  different  velocities (v) according  to 

KE = S12 mv2 (12. l )  

Thus, accelerating  a  population of ions  across  a  chosen  potential  drop U,  allows 
them all to  achieve  the  same kinetic energy eU, where e is the  electronic  charge. 
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Because of this  differential  acceleration  and  the  consequently  disparate  velocities, 
a  mass  spectrum  can be obtained  by  measuring the time  required for each  mass  to 
traverse  a  field-free drift region of known  length. The time-dependent  output of a 
suitable  ion  detector  placed at the end of this  field-free  region  reflects the relative 
abundances of ions of increasingly  greater  mass-to-charge  ratio  with  greater  flight 
time, the latter, it should be noted,  quadratically  related  to  mass-to-charge  ratio  ac- 
cording to Eq. (12.1).  Although all TOF i n s ~ m e n t s  rely  on  this  simple  physical 
principle,  several  key  advances  in the field  have  extended the utility of TOF mass 
spectrometry  well  beyond  the  simple  instrument  introduced  in  1948 [l]. The great 
challenges  within  the  field  remain  in  compensating for the initial spatial distribu- 
tion,  velocity  distribution,  and  temporal  formation of the ions  being  sampled. 

 omp pens at in^ for the Spatial ~istribution of Sampled Ions 

The technique of compensating for the initial finite  spatial  width of the  sampled 
ion  population is termed space focusing. The concept  behind  space  focusing  and 
its experimental  demonstration  were  first  offered by  Wiley  and  McLaren  in  1955 
and  have  proved  among  the  most  valuable  in TOF mass  spectrometry  [2]. The basic 
idea can be illustrated  with  a  simple TOF instrument  depicted in Fig.  12.1.  This 
simple  instrument  consists of a  two-field  acceleration  region  in  which  ions  are  ac- 
celerated to the  final kinetic energy,  and  a  field-free  drift  region  wherein  mass  sep- 
aration  takes  place. In the  case of Fig.  12.1 the two  electric  fields (E ,  and E2) are 
separated by a  mesh or grid, Go, and  the  entrance to the flight  tube is also  defined 
by  a grid, C,. In  this  arrangement  a  positive  pulsed  field, E,, can be applied  to  push 

1 General diagram of a  time-of-flight  mass  analyzer. R, repeller electrode; G,, 
entry grid; G,, acceleration grid, E, and E,, electric fields; S,, distance to the midpoint of 
the first acceleration field; S, and shaded circles, ion starting position closer to G,; sb and 
closed circles, ion starting position more distant from G,; D, total drift length. 
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ions into the  negative,  static  acceleration  field E2, which is maintained  between Go 
and G,. 

Differences  in  the  arrival time of isomass  ions  at the detector  can arise from 
the finite  spatial  width of the  ion  packet  within  the  first  acceleration  region. If a 
cloud of ions of the same  mass  with  significant  spatial  width  are  given the same 
accelerating  energy,  they  will  achieve  the  same  velocity  and  will strike the  detec- 
tor  surface at times  that  are dictated by  their initial stating position. It can be said 
that each ion  experiences  a  flight-time error that is due to its initial position  within 
the  first  acceleration  region; the resolution of the TOF-MS is then l i ~ t e d  by the 
finite  dimensions of the  ion  beam  being  sampled. 

In  some  instances the magnitude of such ~ight-time error is minimized  as  a 
consequence of the geometry of the ionization  source; for example,  ions  extracted 
from a  planar  surface  possess  a  relatively small distribution of initial spatial posi- 
tions. ~nfortunately, many  of  the  ionization  sources  utilized  within  inorganic  mass 
spectrometry,  such  as the inductively  coupled  plasma  (ICP), do not  give  this lux- 
ury. Another  solution  to  this  problem  lies  in the application of  an  acceleration  gra- 
dient  within the acceleration  region,  and  in  the  realization  that  ions  located at dif- 
ferent positions  within the region are accelerated  through  different  potentials.  For 
the TOF instrument  in  Fig.  12.1,  if  a  positive  extraction  pulse E,  were  applied to 
the repeller  electrode,  ions located at different  positions (sa and sb) within the re- 
gion  would experience different accelerating fields  and  would therefore attain 
slightly di~erent velocities.  At some point  after  extraction  has  occurred, the ions 
located  nearer  the  repeller  electrode,  which  experience  a  larger  potential drop and 
therefore  achieve  slightly  greater  velocities,  overtake the more  slowly  traveling 
ions that  begin farther from the repeller electrode. The location  where the ions  over- 
take each other is known  as  the space-f'cus plane. 

By considering  the TOF equations for a  given i n s ~ m e n t  geometry,  and  eval- 
uating the first  derivative of the flight  time  with  respect to initial position  within 
the  first  acceleration  region(s),  Wiley  and  McLaren  showed  that for this  simple ac- 
celeration  scheme the following  equation  must  be  satisfied to produce  optimal 
space-time focusing [2]. 

D = (L'/2( 1 - d/(ko + ko1/2)so) (12.2) 

where so is a  point  halfway inside the  first  acceleration  field, d is the  length of the 
second  acceleration  region, L = 2s0kn3/2, k, = ( s g 1  + dE2)/s&,, and E, and E2 are 
the field  strengths  in the first  and  second  field  regions,  respectively (see Fig.  12. l). 
Here, the initial energy of the ions is assumed to be zero. From this equation, the 
flight  length, D, at which  ions  with  different initial position  have  the  minimum 
flight-time  spread  can be determined. 

The second  derivative of the flight  time  with  respect  to initial position  rep- 
resents  an  inflection  point;  the  derivations  show  that for a  two-field  source  (such 
as  that  shown  in  Fig.  12.1) it has  greatest  value for an  ion starting at so. This is de- 
sirable because  a  longer  flight  time  leads to better  resolving  power [a]. Derivations 
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also show  that  a  single-field  extraction  source  has  an  optimal  space focus at  a  flight 
length of 2s0,  which is so short  that it would  yield  very  poor  resolution for the in- 
strument  [3]. 

It is interesting to note  that  perfect  space  focusing  cannot be achieved  within 
any  TQF-MS  that  utilizes  linear  extraction  and  acceleration  fields. This is a  con- 
'sequence of the fact  that the kinetic energy  each  ion  receives  upon  extraction is di- 
rectly  proportional  to its location  within the extraction  region  and is therefore  qua- 
dratically  related to the velocity it attains. Since there  exists  no  simple  analytical 
solution to such  equations,  mathematical  calculation of optimal  TQF-MS  instru- 
ment  conditions is often  accomplished by seeking to minimize  changes in flight 
time  resulting  from  small  differences in initial position by means of a  series  ex- 
pansion. By solving  the  first  term of such  a series expansion, one arrives at a  first- 
order  space-focusing  condition.  Recently,  several  investigators  have demons~ated 
solutions to both  the  first  and  second  terms of the  expansion,  attaining  second-order 
space-focusing  conditions  that  provide  a  space-focus  plane of much  higher  fidelity. 

Because  the  geometric  parameters of the TOF-MS (S, d, and  D)are  usually 
fixed,  adjustment of the fields  within the two-step  acceleration  zones (El and E2) 
is the  usual  means of achieving  space-time  focusing at the detector  surface. This 
approach  works  well to resolve  masses  up to about  300  amu  in  a  linear  instrument 
provided  that  the spatial distribution is a  small  percentage of the first  field. 

~ o ~ p e n s ~ t i n ~  for the Velocity Ristribution of Sampled Ions 

If space-time  focusing is optimized,  much of the remaining  flight-time  error is at- 
tributable  to  differences  in the magnitude  and  direction of the ion's initial  veloc- 
ity. As might be expected, the energy  distribution due to these initial velocities is 
superimposed  on the final  energy  they  obtain  in the TOF-MS, so a  flight-time error 
is incurred.  If  a  significant  portion of these  velocity  vectors  are  oriented  away  from 
the direction of acceleration,  a  serious  problem  known  as turn-around  time occurs. 
This effect is due to the  time  that is required to eliminate  this initial velocity  com- 
ponent  before  an  ion is accelerated  back  toward  the  flight  tube. As a result, two 
ions, one  with  no initial velocity  and  the other traveling  away  from the flight  tube, 
may  achieve  the  same  final  energy  and  leave  the  extraction  region at different  times. 
One  solution  to  this  problem,  called time-Zag focusing [2],  involves  inserting  a 
delay  time  between the fomation of the  ions  and  their  acceleration to ensure that 
all  ions  are  moving  toward  the detector surface  before  they  are  accelerated. Since 
there is usually  a  trade-off  between  time-lag  focusing  and  space-time focusing, this 
strategy is often  reserved for cases in  which  turn-around  time is the dominant  cause 
of error. 

Provided  that  the initial ion  energy  distribution is not  large  with  respect  to 
the  acceleration  potential,  a  much  more  common  approach is the incorporation of 
a device  known  as  an ion  mirror or re ectron [4,5].  This concept, first  introduced 
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by  Karataev,  Mamyrin,  and  Shmikk  in 19’72 [5] ,  has  proved  to  be of equal  impor- 
tance to the  concept of space  focusing. 

For  the current discussion,  an  ion  mirror  can be described  qualitatively as a 
potential  ramp  used to reflect  ions  back  along  their  original  flight  path. The higher- 
energy  ions  travel  farther  up  the  potential  ramp  than  those of slightly  lower ener- 
gies  and  therefore  spend  more  time  within  the  reflecting  fields.  The  overall  effect 
is to  provide  an  energy-dependent  detour of correct  duration  such  that  ions of 
higher  energy,  following  a  longer  path  length  than  those of lower  energy,  arrive  at 
the  detector  at  the  same  time  as the lower-energy  ions. The ion  mirror  maintains 
space-time focusing by reflecting  the  space-focus  plane  back  to a plane  that is op- 
posite  the  ion  mirror  position. A suitable  ion  detector is then  placed at this  plane 
(see  Fig. 12.2). In this mode of operation E, and E; are  chosen  so  that  the  primary 
space-focus  plane is at a  minimum drift length, D, i.e.,  a  short  distance  from the 
second  field E;. This  space-time  plane  can  then  be  reflected  back  to  the  detector 
surface  (secondary  space-focus  plane). 

Steering  Field  Primary  Space  Focus  Plane  Field-free  Region 

Ion Packet ~eflectron 
Electrodes Space-Focus  Plane 

Schematic diagram of ion  mirror illustrating the  reflection of the  primary space- 
focus plane to a secondary space-focus plane at the detector surface. Shaded blocks  repre- 
sent ion  packet dimensions at difYerent points during flight. R,, first retarding field; R,, re- 
flecting  field  defined by concentric rings each joined by equal resistance; E, and E,, electric 
fields  in acceleration regions, 
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Experimentally,  the  ion  mirror is often  constructed from a group of concen- 
tric  rings  stacked  one  atop  another  with  specific  spacing  to  achieve  optimal  per- 
formance.  Often  the  reflectron  contains  two  electrostatic  field  regions (R1 and R, 
in  Fig. 12.2) in a so-called  dual-stage  arrangement.  These  fields  are  then  defined 
by grids  placed  on the concentric  rings  and  maintained by connecting  resistors  be- 
tween  adjacent  rings to produce a linear  potential  drop  in the region. By adjust- 
ment of the  reflecting  fields,  the time spread at the detector  space-focus  plane  can 
be minimized. 

In  this  manner  an  isomass time spread  can be reduced quite effectively,  es- 
pecially for energy  distributions  that  are less than 10% of the  total  acceleration  po- 
tential. Predicted  resolving  powers ( ~ H M )  of lo3 can be achieved  with  this  de- 
vice and  such a distribution, with  higher  values possible at kinetic-energy 
distributions  below 10% [4]. Resolving  power (R)  as  high  as 35,000 has  been  re- 
ported  with a two-stage  reflectron  and a laser-ionized CS neutral  beam [6]. In ad- 
dition, a grid-free  ion  mirror  has  been  described  that  achieved a resolving  power 
of 10,000 to 20,000 and  an  ion  transmission of 90% [7]. Recently,  an  ion  mirror 
that  employs  nonlinear  fields  and a different  geometry  to correct for larger initial 
ion-energy  distribution  has  been  described [S]. 

The preceding  discussion  has  been  provided  to  give the reader a general  un- 
derstanding of some of the  concepts  utilized  within TOF mass  analyzers  but is by 
no  means  exhaustive. The interested  reader is encouraged to investigate a number 
of excellent  reviews  on  the  subject [g-1 l]. 

Much of the  work  in  the  early  development of the  preceding  techniques  incorpo- 
rated  pulsed  electron-impact  ionization  sources or any  of  several  types of laser  ion- 
ization  techniques.  In  almost  all of these  cases  the  ions  were  created  in a pulsed 
fashion  in  vacuum  and fomed in  or  sent into the  acceleration  region of the  mass 
spectrometer,  where a static  acceleration  field  present  there  injected  them into the 
mass  spectrometer.  Such  ion  sources  use  the  TOF-MS  very  efficiently  because  the 
repetition  rate of the  spectrometer is limited by the  frequency of the ionization 
event itself. This ~ a n g e m e ~ t  allows  the  TOF-MS  to  mass  analyze of all of the 
ions  formed  completely.  However,  many of the  most  popular  ionization t e c ~ i ~ u e s  
being  used  in  inorganic  analysis  today  are  continuous  in  nature. 

Although  some  early  research  did  focus  on  introducing a pulsed  external  ion 
beam  from a plasma jet into the  acceleration  region of the TOF-MS [ 121, it has  not 
been  until  recently  that  continuous  ion  sources  such  as  plasmas,  electrospray  de- 

* s, and  other atmosphe~c-pressure discharges  have  been  coupled  with T 
. ~nfo~unate ly ,  the inherently  pulsed  nature of the spectrometer  can  cause 

marriage  to  be  quite  inefficient. The primary  challenge  in  using  the T ~ F - M S  with 
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a  continuous  ion  source is the loss of ions  during  the  mass  analysis  cycle,  as  the 
spectrometer is unable to exarnine  any  ions  while  the  previous  mass  analysis is 
under way.  If the  time  required  to  complete  a  repetition cycle is significant  com- 
pared to the  time  required for the  continuous  ion  beam  to  refill  the  extraction  re- 
gion,  losses  will  occur. The relative  degree of inefficiency  can be quantified  in  a 
measure  known  as  the ~ ~ ~ ~ f f c t u r ,  which  can be broadly  defined  as 

Duty  factor =ft =fix/v) (12.3) 

where~represents the  repetition  frequency  and t is the  time  during  which  the  con- 
tinuous  beam is sampled.  For  example, if a  particular TOF analyzer  has  a  repeti- 
tion  rate of 10 H z  (i.e.,  a  mass-analysis  period of 100 psec), and  a  100-ns  portion 
of the continuous  ion  beam is pulsed into the mass  spectrometer,  then  the  duty  fac- 
tor of the inst~ment  is lov3 or 0.1%.  Alternatively,  one  can  use x, the physical 
length of the  extracted  ion  beam,  and v, the  mean  velocity  of  the  ion  beam,  to  cal- 
culate  the  time of sampling, The limiting  duty  factor of a  TOF-MS  when  utilized 
for a  specific  application  with  a  continuous  ion  source lies in all three of the pa- 
rameters V; x, and v). 

The repetition  rate (13 of the TOF analyzer is limited by factors  such  as  the 
heaviest  mass  to  be  measured,  the  requirement of adequate  resolving  power,  data- 
acquisition  speed, detector response  time,  flight  tube  length,  and  acceleration  po- 
tentials. The amoun~volume of ions  that  can  be  used  from  the  continuous  ion  beam 
is dictated  primarily by the  geometry of the ion  acceleration  region  and by the 
method of pulsing ions into the TOF-MS. The length of the  ion  beam  extracted 
with each analysis, (x), is limited by resolution-influencing  factors  such  as  space- 
time  focusing  and  energy focusing, as  well  as by the  fact  that  longer initial ion  vol- 
umes  may  require  larger-area  detectors.  Finally,  the  mean  velocity  of  the  incom- 
ing  ion  beam, (v), is often  limited by the  characteristics of the ion  source  itself.  For 
example, the sampling of atmospheric-pressure  ionization  sources  creates  contin- 
uous ion  beams  whose  limiting  mean  velocity is dictated  by  the  characteristics  of 
the extraction  process,  pressure  differentials,  and  bath-gas  identity. A variety of in- 
strument  designs  have  been  used  to  maintain  duty  factors  that  approach 10%-20%. 
These  designs are discussed  in detail in Sec. 12.3.  It  should also be noted  that  there 
is no  reason  that  the  coupling of the  correct TOF geometry  and  continuous  ion 
source  could  not  lead to a  duty factor of 100%,  as  many  of  the  limitations  noted 
are  experimental  in  nature. 

In  order to justify the  use of a  TOF-MS  as  a  viable  alternative  to  those  mass  spec- 
trometers  already  utilized for inorganic  mass  spectrometry,  one  must  realize  some 
additional  capabilities. The TOF-MS  possesses  a  number of unique  attributes  that 
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extend  the  utility of methodologies  already  in  use,  as  well  as create new possibil- 
ities by virtue of those  methodologies. 

Perhaps the greatest  attribute that TOF-MS  may  apply  to elemental mass 
spectrometry is the ability to provide  simultaneous  multielemental  analysis. Of 
course,  a  TOF-MS  does  not record all the  masses in the  spectrum  simultaneously; 
the time  difference  between  adjacent  masses is typically in the nanosecond  regime. 
However,  all  masses are sampled into the mass  spectrometer  simultaneously  and 
an entire spectrum is generated  from each injected  ion  pulse,  Because  successively 
recorded  mass spectra are  obtainable in short periods  in  a  TOF-MS,  especially  in 
instances  in  which  there is a  small,  well-defined  mass  range of interest, thousands 
of mass  spectra  can be obtained  each  second. 

Many of the benefits  attributable to the use of the TOF-MS are a result of 
what the TOF-MS  does  not  do-scan.  Most  of  the i n s ~ m e n t s  in  use  within  inor- 
ganic  mass  spectrometry  are s c a n ~ n g  in nature  and  as  such  are  only  capable of 
monitoring one mass-to-charge ratio at any  given  time. Thus, there must  neces- 
sarily be a  trade-off  between  the  sensitivity,  resolution,  and  precision of a  meas- 
urement  and  the  mass  coverage. In the  limiting case, a  mass  scanning i n s ~ m e n t  
such  as the q u a ~ p o l e  filter  must  hop from  one mass to the next for m ~ i m u m  
speed  in  multielement de te~nat ions .  

Assuming a 200-msec  dwell  time at each  mass of a 15-element  measure- 
ment,  an  analysis time of 3 sec would be required for one repetition.  Investigation 
of the entire atomic  mass  range  utilizing  a l-meter TOF-MS  with  an  acceleration 
voltage of 2000 V would  take  approximately  25 psec; thus the  spectral or multi- 
element-acquisition  speed of TOF-MS  exceeds  that of a qua~upole  by  approxi- 
mately  two  orders of magnitude. In this example, if the  TOF-MS is also allowed 
to integrate for 3 sec, it achieves  a  better  signal-to-noise  ratio,  assuming  the in- 
struments  have equal sensitivity. 

If we  consider the case of ICP-MS,  instruments  typically  achieve  sensitivi- 
ties of about 10,000 ion counts/sec/ppb~ thus, at the specified dwell time,  a  quadru- 
pole  mass spec~ometer generates  about  2000 counts at each  mass for a  1-ppb so- 
lution. A TOF-MS  with the same  sensitivity generates 30,000 counts at each mass. 
In the scanned inst~ment,  lower  concentrations  obviously  yield  fewer counts and 
require longer dwell times. Therefore, for analyses that require many  elemental 
signals to be measured for either more  sample  information, internal standardiza- 
tion, or isobaric  corrections the TOF-MS  has  the  potential to deliver  complete 
analysis  with RQ loss in speed or sensitivity. 

The rapid spectral acquisition  rates  and  multielemental  and isotopic cover- 
age of the  TOF-MS  are impo~ant when  investigating  transient  signals.  Pulsed sam- 
pling techni~ues such  as  laser  ablation, electrothe~al vaporization,  flow  injection 
techniques,  and  pulsed  discharges all benefit  from  the  ability to investigate  the  en- 
tire mass  range of interest with  high  temporal  resolution. The mass  coverage  per 
unit time obviates the need to dilute or reach  a steady-state condition so that mu1- 
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tielemental  analysis  can  be  completed.  This is of particular  importance  when  an- 
alyzing  samples of limited  quantity, or in  cases  in  which each transient  event  pos- 
sesses  an  additional  dimension of information,  such  as  in the case of glow  dis- 
charge  analysis for depth  resolution.  In the future, as  measurement  techniques  are 
applied to situations of decreasing  sample  dimensions,  the  ability of the TOF-MS 
to  provide the maximum  amount of information is likely  to  be  exploited to an  even 
greater  degree. 

Additionally,  chromatographic  techniques  such  as ion chromatography,  gas 
c~omatography and  capillary  electrophoresis  are of increased  utility.  In  part  this 
is because the addition of a  mass  spectrometric  detection  system  allows for an in- 
creased  tolerance of nonideal  separations. If two eluents are not  completely  sepa- 
rated at the  time of elution, the  added  dimension of m/z detection  often  allows the 
two to be separated  on  the  basis of differences  in  their  mass  spectra. The utility of 
this approach is directly  related to the number of  mass spectra available  during the 
period of elution. 

Second,  and  specific to the  use of a  TOF-MS, is the lack of spectral skew. 
As  a c~omatographic peak elutes, it has  a  changing  concentration  profile  with 
time, If  a  scanning  instrument is utilized to provide  mass  spectrometric  analysis, 
the  mass  analyzer,  unable  to look at  more  than  a  single mlz at any  given  time,  must 
scan  the  mass  range  as  the  concentration of the eluent is changing. This sequential 
detection  then causes a  skewing of the relative  intensities of different  masses.  Be- 
cause a TOF-MS simultaneously  extracts all masses  from the incoming  beam,  and 
does so very  rapidly, the changing  concentration of the  eluent  does  not  affect  the 
measured  signal  intensities of different mlz ratios. 

One additional benefit of the simultaneous  extraction of all masses  from  the 
primary  ion  beam is the  capability for improved  precision.  Because the ions  are 
sampled  from  the  ion  beam  simultaneously,  any  fluctuations  from the ion  source 
should be reflected in changes in the intensities of all masses.  Thus, internal stan- 
dardization  and isotope ratioing  techniques  should  theoretically  increase  precision 
by  compensating for these  fluctuations.  Conversely,  a  scanning  instrument  must 
investigate  the  different mlz at different  times,  making it susceptible to errors due 
to these  source  fluctuations  that  cannot be corrected for in  a  similar  manner.  In- 
deed,  when  the  peak  hopping  time of a  quadrupole  instrument is reduced to a  min- 
imum, the precision of the ratio has  been  observed to improve  correspondingly 
[ 131. Workers  using  a  twin-quadrupole  device  were  able to achieve  ratios  limited 
by counting statistics by measuring  two  masses  simultaneously  with each quadru- 
pole [ 141. Of course,  the  best  isotope  ratios from a  plasma ion source  are  obtained 
on  sector-based  multicollector  instruments,  with  which the continuous,  simulta- 
neous  observation of the masses of interest can be achieved [ 151. Although the TOF 
is not  capable of continuously  monitoring  these  masses of interest, it is capable of 
monitoring all of the masses  at  a  very  high  rate.  It  has  been  shown that isotope  ra- 
tios  can  be  obtained  with  precision  limited  by  counting  statistics  on  a  plasma- 
source TOF instrument, for all of the  elements  and isotopes simultaneously,  and 
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without  instrumental  modification. By choosing the proper internal standard,  ra- 
tioing  has  been  shown to improve the signal  stability  in  TOF-MS [ 161. Moreover, 
adding  more  elemental  signals  will  not  sacrifice  speed or sensitivity. 

Certainly  the  most  publicized  attribute of the TOF mass  analyzer is the  un- 
limited  mass  range of which  the  analyzer is capable.  Although  certainly  underuti- 
lized  within  most  inorganic  applications,  this  attribute  may  offer a degree of added 
flexibility  and  may  prove  valuable in applications  such as elemental speciation. 
Since instruments  very  similar  in  design  can be utilized  with a wide range of ion- 
ization  sources,  different  mass  range  applications  may be investigated  with  the 
same  instrument just by  changing the ionization  source.  This  may  broaden  the  role 
of a single  instrument  from  dedicated  inorganic  analysis to provide a much  wider 
range of analytical infomation. 

The  TOF mass  analyzer also offers  experimental  advantages  such as its ar- 
chitectural simplicity, lack of moving  parts  or  scanning  fields,  and  propensity for 
economical  construction.  Because  the TOF possesses  such  an  open,  nonrestrictive 
flight  path  these  mass  analyzers  are capable of very  high  transmission  efficiency. 
The transmission  efficiency of a TOF-MS is typically  estimated  at 0.5-1 for the 
entire mass  range at once.  Scanned  quadrupole  mass  analyzers  operating at slightly 
less than  unit  mass  have  similar  transmission. The important  difference is the  re- 
jection of all other masses by scanned  instruments  during  analysis of mass. 

Discussion of the  benefits  that  TOF-MS  may  yield  when  applied to inorganic 
analysis is incomplete  without also considering  some of the current disadvantages 
of the  approach.  Perhaps  the  most  noteworthy is the low  duty  factor of the  TOF-MS. 

The discussion  in Sec. 12.2.2 touched  on the origins of the low  duty  factors 
often  encountered  when  coupling  TOF-MS  with  continuous ionization sources. 
The pulsed  operation of  the  TOF-MS  may  reduce  the  duty factor because a scan- 
ning  instrument is capable of monitoring a single mlz continuously,  whereas a TOF- 
MS  must  always  examine  the  whole  mass  range of interest regardless of the  analy- 
sis being  conducted.  Thus,  whereas the duty factor of the conventional  TOF-MS 
is a fixed  quantity  dependent  upon  instrumental  and  source  parameters,  the  duty 
factor of the scanned  instrument is a function of the number of masses  being in- 
vestigated.  Therefore,  sensitivity  must  then be recovered  somewhere to achieve  the 
performance of continuous  sampling  mass  spectrometers. This recovery  can  be  ac- 
complished  by  taking  advantage of the speed  and  high  transmission  efficiency  of 
the  TOF-MS. 

The speed of the  TOF-MS requires fast readout  systems  that  can  be  expen- 
sive,  data-intensive,  and  elaborate.  Additionally,  one of the most  valuable  tech- 
niques  within  trace  analysis,  ion  counting, is of less utility  when  utilized  with  TOF- 
MS.  These are unavoidable  effects of the  pulsed  nature of the TOF-MS,  and  of  the 
wealth of infomation that the TOF-MS is capable of producing. 

Designing  and  using a TOF-MS  with  plasma  sources are not  without  chal- 
lenges,  many of which  can  be  overcome  with  proper  design of the instrumentation. 
One  example is the removal of the large densities of plasma  gas  ions  such as argon, 
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oxygen,  and  molecular  species  that  can cause detector  saturation,  tfiereby  blind- 
ing  the  detector to ions  that  may  arrive  after  these  peaks,  Additionally,  when  uti- 

a  source  such as the glow  discharge,  matrix  ions  must be deflected  as  well. 
By deflecting  these  species  out of the  flight  path of the TOF, the lifetime of the de- 
tector i s  extended,  and  coulombic  effects  that  may OCGUT inside the flight  tube c m  
be lessened. 

The design of the TOF-MS interfaced to the plasma  ion  source is the  most 
i m ~ o ~ ~ t  issue in its development.  In the next  section the merits of d i ~ e ~ n g  de- 
signs  are  explored;  then the imple~entation of these  designs is reviewed, 

~ r t ~ o ~ o n a ~  and  Axial  Geometries 
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" re 3 ~ostacceleration beam  sweeping  mode  for  continuous  ion-beam  modulation  in 
-axis time-of-fli~ht m  eometry. 1,2, deflection  plates; V, 

deflection  voltage;  t,  time;  ions  not  reaching  detector. 

through  the slit located  prior to the  detector. As one deflection  event  corresponds 
to the creation of a  single ti~e-of-flight spectrum,  when the heaviest  ion of inter- 
est has  reached the detector,  the  deflection  can  be  carried  out  again. 

In this bem-sweeping scheme the effective spatial dist~bution of the ions 
sampled is defined by the  characteristics of the sweeping  action and the  detector" 
slit p ~ ~ e t e ~ s  1201. ~ a i n t ~ ~ n g  the fast rise time of the &Aection  pulse is criti- 
cal in ~ ~ n ~ n i n g  spatially small ion  packets at the detector  surface,  and  thus  ad- 
equate resolution. The overall  resolution for the differential i ~ p u l s e - s w e e p i ~ ~  
mode  in  Fig. 12.3 can  be estimat~d witb  the  following  equation  developed  by 
B&er 1201: 

(12.4) 
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Orthogonal time-of-flight mass spectrometry (TOF-MS) in a none~traction 
mode (top) and extraction mode (bottom). 
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energy  spread is greatest  along the axis of beam  propagation, the act of extracting 
ions pe~endicularly samples  the  beam  along the direction  where the distribution 
is minimal,  and  thus d~gradation of mass  resolving  power is minimized.  Unlike in 
the beam-sweeping  TOF-MS,  there is no simple  quantitative way to estimate  the 
resolution of the  right-angle  geometry,  but  previous  workers  have  demonstrated 
much  better  than  unit-mass  resolution  across the elemental  mass range [l?, 18,211. 
Although  this  design is susceptible  to  flight time error due to t ~ - ~ o u n d  time, the 
judicious application of space-  and  velocity-focusing  techniques  should  allow for 
resolution at least  equal  to,  if  not  greater  than,  that  attainable  with  the  beam-sweep- 
ing  design. 

The last  geometry to be considered  here is depicted in Fig.  12.5  and is also 
an on-axis  design. It has,  however,  more  in  common  with  the  orthogonal  extrac- 
tion  geometry  than  the  beam-sweeping  method. It also relies upon  space-  and  ve- 
locity-focusing  techniques  and  utilizes  a  two-stage  acceleration  geometry.  Indeed, 
the operating  principles of this  design  are  identical  to  those of the  right-angle  geom- 
etry,  except  that  the  ions enter the  extraction  region  through  a  gridded  repeller elec- 
trode.  Here,  however,  similarities end because of the  requirement for an  additional 

i 
I 
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Preacceleration  continuous  ion-beam  modulation  in  an  on-axis  time-of-flig~t 
mass s p e c ~ o m e ~  (TOF-MS) geometry. l, 2, deflection  plates; V, deflection  voltage; V, 
~ ~ s ~ s s i o n  voltage; t, time; E, and E,, electric  fields  in  acceleration  region. 



modulation step because of the coaxial  propagation of the  bulk  beam  and  the  ex- 
tracted  ion  packets. 

This  modulation  can be achieved by preacceleration  modulation,  that is, by 
the f o ~ a t i o n  of ion  packets  prior to extraction. A portion of the ion  beam  that is 
similar  in  length  to  that  extracted  in  the  right-angle  design is “selected” by a set 
of parallel  plates  and  allowed  to  travel into the  extraction  region,  where the ions 
are  extracted for mass  analysis.  In  theory,  any  optical  device  that  would  allow a 
portion of the ion  beam  to enter the extraction  region  would  work  in  this  case. 

Alternatively, the difference  in  the  energies of those  ions  present  within the 
extraction  region at time of a repeller  event  from  those  ions  not  selected for mass 
analysis  can  be  exploited. By applying a potential  barrier of the  appropriate di- 
mensions  immediately  prior  to  the  detector, ions within  the continu~m that do not 
have  sufficient  energy do not  pass  this  barrier,  and  those  ions  contributing to sig- 
nal  are  detected. The different  means of modulation  are  examined  in  more  detail 
in a later section. 

The resolving  power of this on-axis approach is questionable. Although 
space  focus consideratio~s between the two  designs  are quite similar, the fact  that 
the  ion  beam now propagates  coaxially  with the flight  tube  axis  places the axis of 
greatest  kinetic  energy  dispersion  along  the  direction of extraction.  This, in com- 
parison  with  the  orthogonal  extraction  geometry,  makes the effects of the  ions’  ini- 
tial kinetic  energy quite pronounced,  and  the  use of some  velocity  compensation 
scheme is required.  However,  this  design  does  not  suffer  from  the  effects of ion 
turn-around  time  noted,  and  experimental  evidence  presented later in  this  discus- 
sion  suggests  that a half-meter  TOF-MS  based on this  fundamental  principle is ca- 
pable of resolving  powers  adequate for elemental  mass  spectrometry. 

Duty Factor A low duty factor when  coupling  continuous ionization 
sources with  TOF-MS is a disadvantage  in comparison to the continuous operat- 
ing  nature of sequentially  scanning inst~ments. Obviously, a TOF-MS  that  sam- 
ples  more of the continuous  beam is desirable, as it more  efficiently  utilizes  those 
ions presented to the mass  analyzer.  For a beam-sweeping  geometry, the mecha- 
nism of modulation  relies on sampling a very  small  portion of the total ion  beam, 
and thus the duty factor is greatly limited by the need for adequate resolution, In 
addition to the fact that only a fraction of those ions located between the deflec- 
tion plates during a sweeping  event are finally detected, all of the ions that are 
deflected as the mass separation is taking  place  are lost as well. Since the ion 
beam is traveling at an accelerated velocity, the result is an inherently poor duty 
factor. 

The  two-stage  acceleration  geometries  have a signi~cant advantage in this 
regard.  Because  the  ion  packets  are  pulsed  out of the incoming  beam  before  ac- 
celeration  takes  place,  there  exists a large  difference  in  the  velocities of the in- 
coming  primary  ion  beam  and the ions  undergoing  mass  separation  within  the  flight 
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tube.  While  mass  separation  takes  place,  the  relatively  slow-moving  primary  beam 
is allowed to refill the extraction  region  before  the  next  repetition. The difference 
in  velocities  may be two  orders of magnitude or more,  allowing  these  designs to 
enjoy a much  higher  duty  factor. 

If  we  again  consider the example of ICP-MS,  the  ion  beam  travels at an  ap- 
proximate  velocity of 2.3 X lo3 d s e c  and  fills  the l-inch extraction  zone  in  ap- 
proximately  11  psec.  If  the  mass spectral repetition rate is 20 kHz,  then 50 psec is 
required to generate a mass  spectrum,  translating to a duty factor of  22%.  Under 
sirnilar  conditions,  we  might  expect a duty factor of 0.007%  from a swept-beam 
approach. 

S e ~ ~ ~ ~ ~ v ~ ~  The overall  sensitivity attainable with a TOF-MS is a function 
of the transmission efficiency, duty factor, and extraction method utilized with 
that particular mass analyzer. Since the on-axis  beam-sweeping  TOF-MS trav- 
erses  only a small  portion of the  continuous  ion  beam  across  the  detector  surface, 
one  can  intuitively  appreciate that the  two-stage  acceleration  designs,  sampling a 
larger portion of the continuous  ion  beam,  should offer better sensitivity. This 
can  be illustrated numerically by considering  ion-beam densities that have  been 
observed in ICP-MS  quadrupole instruments. For a l-ppm solution of a typical 
analyte  element, a quadrupole  system  produces 1 X 107  counts/sec  (1.6 X 10- 14 
A). For the sake of the following illustrative calculations, we can  use this as a 
rough estimate of the analyte ion concentration within the incorning  primary ion 
beam. 

Within a beam-sweeping  instrument, all ions  are  continuously  accelerated 
as  they  enter  the drift tube.  Their  velocity after acceleration  can  be  calculated  with 
the  following  equation 

(12.5) 

where e is the  electronic  charge  (1.6 X C), m is the  ion  mass in kilograms, 
and U is the  acceleration  field  in  volts.  Using  the  heaviest  element  typically  ana- 
lyzed, uranium  (238  amu),  and  an  acceleration  potential of 2000 V, one  calculates 
that  the  uranium  ions  attain a velocity of 2.8 X lo4 d s e c .  For a l-ppm solution, 
assuming  the  same  analyte  concentration of lo7 analyte  ionslseclppm,  there  are 
then  350 iondm in  the  accelerated  beam.  If l-cm deflection  plates  are  utilized,  then 
there are  an  average of 3.5  analyte  ions  between  the  plates  at  any  instant  in  time. 
Bakker  has  developed  an  equation  to  estimate  the  fraction of ions  resident  between 
the  plates  that  will be detected  [20]: 

(B + S)D( UU,)’” 

VbPL 
Fraction = (12.6) 
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lustrating the slight  trade-off  between  the  continuous  monitoring of a  single  mass 
and  multielemental  mass  coverage. 

The efficient  transport of ions through  any  mass  spectrometer is vital,  but it is per- 
haps of special  concern  within  TOF-MS  because of the  duty  factor  issues  and  the 
excellent  transmission  efficiencies of which  these  spectrometers  are  capable. 

Since the flight tube itself is an  open  field-free  region, the ion  throughput of 
a TOF analyzer is quite high  and  can  approach 100% in some  designs.  However, 
fields in the  analyzer  are  usually  defined  with  metallic  grids,  typically 70 lines per 
inch,  which  are  predicted to have 90% transmission,  the  number of which  can 
quickly  add  up to reduce  the  transmission of the  device.  For  example,  a  typical 
two-step  acceleration  source  contains  two  grids  and  the  typical  two-stage  reflec- 
tron  another  two,  which  the  ions  actually  travel  through  twice. This reduces the 
transmission to 53,  assuming no other losses. 

Gridded  ion  electrodes are usually  intended  to  present  a  electrostatic  plane; 
however, the fact  that  they are constructed of wire  segments  may  compromise  this 
goal. If placed  too  closely,  potential  wells  formed  within the spaces  between  ad- 
jacent wires  convert the grid into a  series of small  focusing or defocusing  elements, 
causing  beam  divergence  and  adding  to  the  losses  in  transmission  efficiency. It 
should be noted  that  some  gridless  designs of reflectrons do exist,  although  the  cur- 
rently  discussed  ion  acceleration  regions  require the use of grids. 

Transmission  efficiency  and  resolving  power  may also be compromised  by 
a  divergent  incoming ion beam.  Focusing  elements  must be utilized to collimate 
the  incoming  ion  beam,  as  angular  divergence  certainly limits transmission  effi- 
ciency,  and  may also result  in  spherical  aberrations  that  may limit mass  resolving 
power.  Focusing  devices  such  as  Einzel  lenses and steering  plates  can  be  used  in 
the  flight  tube  to direct the ions  in  the  proper  path. The detailed  construction of 
these  optical  devices  in the TOF-MS  depends  upon  the TOF geometry at issue. 

An optical  consideration  specific to the use of the TOF-MS  with  high-in- 
tensity  sources is the  removal of background ions, plasma  gas ions, and  matrix  ions 
to  prevent detector saturation. To date, this  has  been  accomplished  with  parallel- 
plate  deflection  in the flight  path,  which is depicted  in  Fig. 12.6. Removal of spe- 
cific mlz ions is accomplished by the application of a time-depende~t potential  to 
one, or both, of the  plates  at  some  time  delayed  with  respect  to the repeller  pulse. 
In this  way,  those  ions  between  the  plates at the  time of the pulse experience  a  field 
transverse to the flight axis  and  are  removed  from  the  flight  path. The voltage  pulses 
employed here must  have fast rise and fall times (<10-20 nsec),  and  be  applied  at 
precise  delay  intervals  to ensure that  mass  resolution is not  compromised,  and to 
allow for the  unimpeded  passage of the  previous  and  subsequent  masses. Also, the 
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length of the plates  should be optimized for m a ~ i ~ u m  deflection  without intro- 
ducing large fringing  fields,  which  could  hinder  resolution [ 171. 

For  efficient  removal,  these  plates  should  ideally  be  placed at the  point at 
which  ions  attain  their  tightest  temporal  and spatial focus prior to detection.  Al- 
though  deflection of this type  would be challenging  with a swept-beam  geometry, 

lane of the two-stage  acceleration  design ofTers an  excellent  op- 
portunity to deflect the m ~ i m u m  number of ions  over the shortest  distance  in  the 
shortest  time. This placement also ensures the most  resolution of mass  deflection. 
For  an  ICP-TOF-MS,  the  efficiency of  removal for this  parallel-plate  scheme  was 
promising  [24]. 

When  dealing  with a large  number of matrix  ion  species, as is the case  in 
glow-discharge  (GD)  mass  spectrometry,  a  greater  number of digerent masses 
must be ejected  over  a  broader  mass  range. This task is made  more  difficult by the 
decreasing  temporal  dispersion  between  adjacent  masses  with  increasing  flight 
times.  Workers  in  GD-TOF-MS  have  investigated  the  deflection  of  ions close to 
the detector  surface [251.  By  employing a baffle  device to prevent the deflected 
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ions  from  scattering further into the  TOF-MS  detector  region,  good  deflection ef- 
ficiencies  and single atomic  mass  unit  (amu)  mass  resolution  have  been  demon- 
strated [25]. The  only  disadvantage of the technique is in  the  high  fields  required 
to  deflect  ions so close to  the detector surface,  which  may  make  design of the  puls- 
ing  system  difficult. 

Perhaps the most  attractive  alternative to the  use of deflection  plates  in  the 
literature is the  combed  ion  deflector,  which  has  been  described by Enke et al. [x]. 
This design relies upon  an  architecture of parallel  wires  located  within the ion  path. 
At  the  appropriate  times,  voltage  pulses of equal potential  and of opposite  polar- 
ity  are  applied  to  alternating  wires,  creating  electrostatic  fields of alternating  po- 
larity  between  adjacent  wires. A collimated ion beam incident upon  such a device 
experiences a large defocusing  effect  in  the  dimension  parallel  to  the  wires  and is 
thus  removed  from  the  flight  path.  With a technique  such  as  this,  deflection  can  be 
accomplished  over a short  distance,  and  thus  with  high  temporal  and  mass  resolu- 
tion.  Although  promising,  the  use of such a deflector  in  elemental  TOF-MS  has  not 
yet  been  reported. 

Ion transport from  a continuous  ion  source  to the extractio~acceleration re- 
gion of the  TOF-MS  presents  many of the challenges  also  associated  with  other 
mass  spectrometers.  Specifically, a means of efficiently  focusing  incoming  ions 
into a beam  of  well-defined  energy  and spatial characteristics is required  in  order 
to achieve  optimal  performance for any  mass  analyzer. 

As  the  resolution of the  TOF-MS is partially  determined by the success of 
space-focusing  techniques,  investigators  utilizing  an  orthogonal  extraction  instru- 
ment  with the ICP have  found that limitation of the spatial width of the ion  beam 
within the extraction  region  can  lead  to  greatly  improved  resolving  power [27,28]. 
This is accomplished  by  placing a slit electrode,  typically 1 to 3 m in  width,  im- 
mediately  prior to the  extraction  region. The presence of this spatially  restrictive 
device  confines  the  beam  to a fraction of the full width of the  extraction  region, 
enhancing the capability of the  spectrometer to compensate for the  finite  dimen- 
sions of the  beam,  and  thus  enhances  resolution. A cylindrical lens system,  how- 
ever,  produces  an  ion  beam of circular  cross  section,  and thus its application  here 
produces  significant  losses.  These  losses  can  be  reduced  substantially by chang- 
ing  the  ion  beam  image  from  circular to oval  in  shape,  an end accomplished  by  uti- 
lizing  the dc quadrupole  system  depicted  in Fig. 12.7, Researchers  found  that the 
use of a quadrupole  singlet  improved  signals  by a factor of 4; moreover,  the  use of 
a quadrupole  doublet  raised  ion currents 25 times [28,29]. 

One  class of optical components  that  holds  significant  promise for inorganic 
TOF-MS is the radio  frequency (rf) multipole  device. This device  has  already  been 
employed  with  great  success  with  TOF-MS  in a number of organic  mass  spectro- 
metric  applications,  as  well  as  with  other  mass  analyzers  within  inorganic  mass 
spectrometry.  Certainly,  TOF-MS  may  also  enjoy  the  advantages  offered  to all 
mass  analyzers  such  as  the  removal of  matrix. ion  species by selective  ejection or 
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Figure 7 Quadrupole lens system tested for inductively coupled plasma time-of-flight 
mass spectrometry (ICP-TOF-MS). Ll-Ld, cylinder lenses; Q,, x dimension poles, Q,, y 
dimension poles; r0, radius of quadrupole open aperture (0.5 cm); S 1, second-stage extrac- 
tion optic; C, Faraday cup; G1, grounded  entry grid; G2; acceleration grid; Y 1,  Y2, steer- 
ing plates. (From Ref. 28.) 
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charge-exchange  reaction,  the  ability to accomplish  ion  chemical  reactions,  as  well 
as  an  added  capability for the  dissociation of polyatomic  species [30-321. Specif- 
ically,  however, the TOF-MS  has  been  shown to benefit  greatly from the  ability to 
control the incoming  energy  distribution  and  spatial  confinement of the ions  pre- 
cisely. Since the  resolution  and  sensitivity of the TOF-MS are dependent  on  both 
of these  characteristics,  the  use of multipole  devices  in  inorganic  TOF-MS  may 
allow for greater  resolving  power  and  an  increased  duty  factor,  Although  promis- 
ing,  the  use of such  a  device  within  inorganic  TOF-MS  has  not  yet  been  reported. 

Another intriguing combination is the  ion  trap-TOF-MS,  which  can be used 
on the front end of the  TOF-MS to improve its duty  factor.  Lubman  and  cowork- 
ers have  interfaced  an  atmospheric  plasma  discharge  to  a  reflectron  TOF-MS [33]. 
The instrument  performed  well  on  a  sensitivity  basis  with  trapping  times  from 10 
psec  to 10 sec  with  higher  resolutions  obtained  at  longer trap times. The challenge 
of such  an  approach for use  with  a  high-intensity  plasma  ion  source is the  neces- 
sity  to trap the entire elemental  mass range while ejecting plasma  gas  ions. To 
achieve  a  100%  utilization of the incoming  ion  beam  in  supersonic  beam  sources 
the  trapping  times  are in the 10-psec range. 

Detectors 

In  considering  detector  requirements for use  with  TOF-MS, it is instructive to con- 
sider  first  some of the important  attributes  that  an  ideal  detector  might  possess. 
Foremost,  a detector for TOF-MS  must  have  excellent  temporal  resolution  in order 
to  distinguish  between  peaks  that  may  be  nanoseconds  in  width  and  separated  by 
flight  times  that  are  measured  in the tens of nanoseconds. In addition  to  offering 
high  gain,  making the detection of single ions possible,  the  detector  should  offer 
a  significant  dynamic  range to extend  detection  from  a single ion  to  the  realm of 
continuous  current. This dynamic  range  should be available  on  a  measurement-to- 
measurement  basis  as  well  as  within  a single mass  spectrum,  allowing  single-ion 
detection  to be accomplished  at  a  mass  adjacent  to the most  intense  peak. The de- 
tector  should  also  have  minimal  mass  bias,  giving  equal  conversion  efficiency to 
ions of greatly  different  momentum.  Moreover,  the  detector  should  have  attractive 
physical  characteristics  such  as  a  large  format  and  flat  surface  in order to  minimize 
flight-time errors that could  result from curvature.  Finally,  a  number of experi- 
mental  characteristics  such  as less stringent  vacuum  requirements,  a  resistance to 
poisoning by atmospheric  and  vacuum  contaminants,  and  a  long  detector lifetime 
are  important. 

The microchannel  plate  (MCP)  remains  the  detector of choice for many  TOF- 
MS applications  because of its large,  flat  active  area;  high gain; and  excellent  time 
response.  Typical rise times of MCP devices  are  unparalleled;  transitions  from 10% 
to 90% of peak  intensity  are  routinely  on  the  order of picoseconds [34]. Often,  two 
microchannel  plates  are  oriented  back  to  back  in  what is termed  a  chevron  arrange- 
ment to achieve gains of  IO6 or greater, each plate  contributing  about lo3. Mi- 
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crochannel  plates are also capable of  good  dynamic  range,  some  providing  cover- 
age from the single-ion  level to 10-4-A output  current. The detectable  mass  range 
of MCPs can be extended  through  a  technique  known  as post ucceZer~t~o~.  By bi- 
asing  the  plates at a  potential 2-5 kV more  negative  than the flight-tube  potential 
while  fixing the potential  dropped  across  the  plates to a  constant, n o ~ n a l l y  1 kV 
potential,  additional  acceleration is imparted to incoming ions. This additional  ac- 
celeration step greatly  increases the detection  efficiency of heavier ions, allowing 
their  routine  use  in  applications  requiring the detection of large biomoleeules.  Mi- 
crochannel  plates  are  also  available in large formats and  in  a  wide  range of sizes 
and  shapes. This flexibility  can be important  when  designing  TOF-MS  around  an 
orthogonal  extraction  geometry,  in  which  beam  dimensions  often  dictate  that  de- 
tectors of large area be employed. ~ n f o ~ n a t e l y ,  these  formidable  detectors do 
have  some  drawbacks for use  in  elemental  TOF-MS. 

Because of the  high  field  strengths  present  within the channels of the MCP, 
residual  gas  molecules in the  vacuum  chamber  can be ionized,  creating an ava- 
lanche  effect  that  can  destroy  portions of the MCP.  To prevent this “ion  feedback,” 
the  bias  angles of the channels  are  oriented to prohibit the ions 
rect  path to the detector  cathode  [34],  and the vacuum is maintained at or below 
lov6 torr for the  optimal lifetime and  performance of the chevron  system.  Addi- 
tionally, MCP devices  have  a  hygroscopic  nature,  necessitating  that  they  be  stored 
in  an  inert envi~onment or in  vacuum  [34].  Disadvantages  specific to their  use  with 
elemental TOF-MS are their  saturation  properties.  Although the temporal  response 
of a  single  channel to an  ion  hit is outstanding,  microchannel  plates  have  a  signif- 
icant  ohmic  resistance  that  prevents  the  channels  from  recharging  quickly.  These 
recovery  times  are  often  in the millisecond  range. This effect  not  only limits the 
gain  available  immediately  after  the  detection of a  very intense mass-spectral  peak, 
but also limits the gain of the detector when it is utilized  in  applications  in  which 
succeeding  spectra  are  being  obtained  at  high  repetition  rates  [35]. 

Another  option for ion  detection is the discrete-dynode electron multi~lier. 
These  detectors do not  suffer the saturation  problems of the MCP,  and  recently 
manufacturers  have  been  producing  multipliers  specially  designed for TOF-MS. 
Such devices  offer rise times of 1-2 nsec  and  possess  larger  active  areas  than do 
conventional  discrete-dynode  detectors.  Gains for these  detectors  can  be  as  high 
as lo7, and  their  dynamic  range,  stability,  and  single-ion  detection ~~pabi l i ty  are 
similar to those of the MCP. Detectors of this sort have  the  added advanta~e of 
being quite stable  at  atmosphere  and  can  tolerate  ambient  pressures  up to torr 
more  reliably. The primary  disadvantage  to date has been the unavailabi~ty of elec- 
tron  multipliers  with  active  areas  as large as  those  available in MCP detectors. 

Time-of-Fli~~t Data  Systems 

Perhaps  the  greatest  limiting factor in the development of the TQF-MS for ele- 
mental  analysis has been  the  lack of appropriate data-acquisi~on systems. The re- 
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cent resurgence of interest in the technique  can be traced, in part, to the  dramatic 
increase  in  the  capabilities of technology  over  recent  years. 

The difficulty  in data capture  arises  from the rapid  spectral-generation rates 
of TOF-MS, the requirement of high  temporal  resolution,  and  the  desire for high 
measurement  precision.  The  problem  becomes clear if  we  consider  an  ICP-TOF- 
MS application. A typical  mass  spectrum  may be collected  over 50 vsec  wherein 
mass-spectral  peaks  possess  temporal  widths of  10-20 nsec  measured at FWHM. 
Thus,  one needs to acquire  measurements  every  2  nsec,  or at a  rate of 500 MHz, 
in  order  to ensure an  average of 5-10 samples  across  a  mass  peak of interest. Such 
a  system  then  produces  25,000  points  per  mass  spectrum and, at a  minimal  ana- 
log-to-digital  converter  resolution of 8 bits  per  point,  generates  25  kbytes of in- 
fomation per  mass  spectrum  or 500 Mbytes  every  second.  As  this is well  beyond 
the  capabilities of even  the  fastest  current  system,  the  solution  must  then  be to sac- 
rifice  single-spectrum  acquisition,  complete  mass  spectral  coverage,  measurement 
or  temporal  resolution, or acquisition  rate  in  a  way  that  minimally  impairs  the  ap- 
plication at hand. The most  attractive  solution is through  spectral  summing or av- 
eraging  wherein sequential mass  spectra  are  combined  before  being  stored, thus 
reducing the acquisition  load to a  fraction of what it could  otherwise  be.  Although 
single-spectrum  acquisition  and  real-time  resolution  are limited, many  applications 
do not  require  such  high  temporal  resolution,  and  a  very  acceptable  compromise 
can  be  reached. 

Acquisition  systems of this type are usually  based  on fast digital oscillo- 
scopes  or  flash  analog-to-digital  converter ( D C )  computer  boards. By means of 
a  flash-ADC it is currently  possible to acquire  analog  data at a  sampling rate of 1 
CHz with  12-bit  resolution;  recent  progress  in  the  design of systems for gas  chro- 
matography (CC) TOF-MS  has  demonstrated the capability of acquiring  up  to 1000 
complete  summed  spectra  per  second [36,37]. These  systems  may  be  limited  in  ap- 
plications  requiring  the  mass  analysis of extremely fast transient signals as  a re- 
sult of the massive  amount of data  they  generate  but  on  balance  are  sure to be  valu- 
able  tools for elemental  TOF-MS. 

Alternatively,  the  ability  to  conduct  single-spectrum  intensity  measurements 
might be appropriately  sacrificed  and  classical  ion-counting  techniques  used.  In 
comparison to the  situation  in  sequentially  scanning  mass  spectrometers,  the  ap- 
plication of ion  counting  to  TOF-MS is an  exceedingly  inefficient  process.  Because 
a  scanning  instrument is capable of monitoring  a  single mlz continuously,  the  max- 
imum  obtainable  count  rate is limited  only  by  the  ability of the  detector  and  ac- 
quisition  system  to  distinguish  between the arrival of two ions and the statistical 
probability  that  two  will  arrive  within  that  time.  This  allows  such  instruments  to 
register  millions of counts  per  second.  Because  mass spectral information is en- 
coded  within the time domain  in  a TOF mass  spectrum,  ions of the  same  mass  ar- 
rive at the  detector  within  nanoseconds of each  another,  clearly  exceeding  the  abil- 
ity of the  detector or acquisition  system  to differentiate between  events  caused  by 
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single or multiple  ions. To reduce  this  “pulse  pile-up”  error, the TOF-MS is re- 
stricted to utilizing  ion  counting  in  a  concentration  regime  in  which the probabil- 
ity of a  single  ion  hit is much less than  unity: that is, in  which there is an  average 
of less than  one  ion of a  specific mlz detected  in  every  spectrum.  This  restriction 
limits the  acquisition  rate to less than  about lo4 counts  per  second,  corresponding 
to solution  concentrations of 1 to 10  ppb. 

The  use of a multistop time-to-digital ion-counting converters (TDCs) al- 
lows  real-time  digitization of an entire mass  spectrum  with  excellent  (picosecond) 
temporal  resolution.  Additionally,  electronic  measurement error within the system 
is virtually  eliminated,  as the precision of ion  counting  measurements is a func- 
tion of the source  noise,  the  number of integrated  events,  and the degree of pulse 
pile-up  error.  Although the restraints of counting statistics limit the dynamic  range, 
ion counting remains  extremely  valuable  as  a tool for trace analysis and  may be 
most  valuable  when  utilized  in  conjunction  with  an  analog  technique. 

In some instances, the design of the data acquisition system may be driven 
by the requirements of a specific application. In ICP-MS, for example, the masses 
of the elemental isotopes are well  known, so only those masses need to  be in- 
vestigated. In such a situation, an attractive technique is the use of a  number of 
single-channel devices, such  as boxcar integrators [38], each of which is respon- 
sible for continually monitoring a specific mass of interest. At the expense of 
complete mass spectral coverage, a simple, inexpensive  system that generates rel- 
atively small  amounts of data with real-time temporal resolution can be utilized. 

Modern  boxcar  integrators  can  be  programmed  under  computer  control to 
accumulate  signal at a  predetermined  delay time after  a  trigger  pulse,  and  with  gate 
widths  adjustable  to less than 1 nsec. The boxcar  integrator  recovers  signal  from 
noise by integration or averaging;  the  signals,  being  correlated  with  some  trigger 
pulse  (here,  the  pulse  that  sends  ions into the flight  tube of the TOF-MS),  accu- 
mulate  directly  with the number of input pulses,  whereas  the  noise  integrates  only 
as  the  square  root of that  number. This principle of operation  limits its utility  at 
low signal levels,  as the boxcar-integrator  begins to integrate  noise  a  greater  por- 
tion of the time  and signal pulses  only  occasionally. To overcome  this  limitation, 
workers  have  used  a  discriminator-boxcar  integrator  system  that  triggered the box- 
car  integrator  only  when  signal  was  present in the  window of interest [39]. Alter- 
natively,  ion  counting  can be employed  in  a  similar  gated  manner  (see  Fig. 12.8). 
Here,  ions are counted  in  an  adjustable-width  gate  delayed  with  respect  to  the  re- 
peller  pulse to record  an  ion  peak of interest [ 16,401. 

Clearly,  in order to  realize  the  broadest  dynamic  range, the total data acqui- 
sition  system for a  TOF-MS is likely to remain  a  composite of both  analog  and 
counting  systems.  As  associated  technologies  advance in speed,  through  highly 
parallel  system  architecture,  application of information  encryption  strategies,  and 
use of fast  storage  systems,  the  capabilities of the TOF-MS will also be extended. 
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Layout  of  the  gated ion-count~~g detection  system. Cm, ~on~t~t-fraction dis- 
c ~ ~ n a t o r ,  (From  Ref. 2'7.) 

The adv~tages  resulting  from the use of a  TOF-MS  with  a  technique  such  as  ICP- 
MS  have  been  touched  upon,  In the following  sections, it is our  aim  to  highlight 
some  illustrative  applications,  touching  on  aspects of instrumental p e ~ o ~ a n c e  
and  notable  design  considerations. 

lnductive~y  Coupled Plasma Time-of-Fi i~~t Mass ~pectrometry 
P e ~ o r ~ a n ~ ~  

The coupling of  an ICP ionization  source  to  a  TOF-MS  was  first  reported by Myers 
and Hieftje [24]. A schematic  diagram of their  instrument is provided  as  Fig.  12.9. 
Similarly to other IGP-MS inst~ments,  it utilized a three-stage differentially 
p u ~ ~ e d  interface in order to realize the microtorr  pressures  required for TOF-MS 
from mean-free  path  considerations. This instrument  was  based  on an orthogonal- 
extraction  geometry  and  utilized  a  1.6-m  total  flight  path,  which, at a 2-kV accel- 
eration  potential,  dictated  a m ~ i m u ~  spectral  repetition  frequency of 20 H z .  

Notable  among the instrumental  design  characteristics is the use of direct 
current (dc) ~ u a ~ p o l e  lenses to limit  ion-beam  width  spatially  within  the  ex- 
traction  region.  These  lenses,  along  with  the  use of an  ion refjectron, provided  re- 
~ o l v i n ~  powers of approximately 1600 ( ~ ~ )  [40].  An  illustrative  spectrum of 
Pb  and  Bi  obtained  with  this  instrument is provided  as  Fig.  12.10. 
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igure 9 Layout  of  the  inductively  coupled  plasma  time-of-flight  mass  spectrometer 
(IGP-TOF-MS)  with  improved  vacuum  chamber  and  ion  optics. S1, second-stage  extrac- 
tion  lens; R, repeller; C, Faraday  cup; G1,  G2, TOF-MS  entry  grids; Y1, K?, steering  plates; 
Dl ,   02 ,  deflection  plates; G3, reflectron  entrance  grid; R1, deceleration  grid; R2, reflecting 
grid;  MCP,  microchannel  plate.  (From  Ref. 2'7.) 

n also utilized  two  sets of beam  steering  plates.  One set, labeled 
Dl  and  D2  in  Fig. 12.9, constitute  a  pair of deflection  plates  employed to remove 
h+ from the extracted  ion  packets. A 230-V pulse of variable  duration  delayed 
from the repeller  pulse  eliminated  more  than  99% of these  ions  and  prevented  de- 
tector  saturation. 

The second set of plates,  labeled y plates in Fig. 12.9, were  utilized to give 
the extracted  ions  the  correct  trajectory to enter  the  reflectron,  and  thus strike the 
detector.  Because the incoming  ion  beam is oriented at a  right  angle to the  flight- 
tube  axis, the extracted  ions  possess  a  component of their  velocity  oriented  in  their 
original  direction.  In  order for the ions to traverse the flight  path  successfully, this 
original  velocity  vector  must be eliminated or compensated  for. The degree of steer- 
ing  required is determined  by the directed  kinetic  energy of the  incoming  ion  beam 
and  thus by the ion  source  employed. Since the extraction of ions from this  at- 
mospheric-pressure  source  involves  the  formation of a  supersonic  expansion,  all 
masses  possess the same  velocity  and  therefore  a  mass-dependent  energy  [16]. This 
then  necessarily leads to  a  mass-dependent  steering  plate  potential.  Additionally, 
dispersion  within  the  energies of isomass ions leads to differences  in  ion  trajec- 
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ure 1 0 Inductively  coupled plasma time-of-flight  mass  spectrometry  (ICP-TOF-MS) 
spectrum for a  4-ppm solution of both Pb and Bi using  the ion reflectron  (average of 1000 
shots). (From Ref. 40.) 

tory,  and  thus to an  angular  beam  divergence  that limits transmission  efficiency. 
These workers  calculated that a  5-e'v  energy  spread  within the energies of incom- 
ing ions  would  limit  the  transmission  efficiency of the  mass  analyzer  to  approxi- 
mately  20%  [27]. 

Figure  12.1 l shows  this  mass-dependent  steering  bias for a group of ele- 
ments  ranging  in  mass  from Li to Bi. Since one of the  attributes of the TOP-MS is 
simultaneous  multielemental  coverage,  this  mass  bias  represents  a  significant  lim- 
itation.  Myers et al.  demonstrated  that  this  mass-dependent  steering  voltage  can be 
overcome  by  application of a  voltage  ramp  to  the  steering  plate,  since  ions of in- 
creasing  mass,  and  therefore  increasing  energy, are passing the plates  with in- 
creasing  flight  time [ 161. This technique  was  applied  in the orthogonal  ICP-TOF- 
MS successfully;  however,  a  linear  ramp is only  an  approximation of the  quadratic 
ramp  that  would be ideal [ 161. 

Coles  and  Guilhaus  have  shown  that the use of steering  plates  in the flight 
path  to  compensate for the  perpendicular  velocity  component  degrades  resolving 
power  [41].  They  have  proposed  an  alternative  approach  that  they  have temed 
s ~ u ~ t ~ ~ e u u s  drift  [41]. This strategy  makes  no  attempt to compensate for the  per- 
pendicular  velocity  component  but  rather  tailors  the  angle of the  flight  tube to the 
energy of the perpendicularly  accelerated  ions  such  that the ions  finally strike the 
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ure 11 Ion  signals vs. steering  potential (Y2) for  ions of differing mass. (From  Ref. 27.) 

detector.  This  design eliminates the  need for steering  plates;  however, to detect  the 
entire elemental  mass  range,  a  larger  reflectron  and  detector  would  be  required. 

In the first  instrument,  sensitivity  and limits of detection  were  constrained 
by the total  ion  beam  current  measured after the extraction  region of the  TOF-MS 
[42].  Although  pulser  circuitry  limited the repetition  rate to 7.1 kHz and  a  duty  fac- 
tor of 3.5%, detection limits ranged from 0.03 to 3 ppb  using  ultrasonic  nebuliza- 
tion [ 161. Mahoney et al. later reported  on  improvements to the same  orthogonal 
ICP-TOF-MS  [29]. The use of a  commercial  skimmer cone and  quadrupole  dou- 
blet  in  the  extraction  optics  led to an increase in primary ion current  from 2 nA to 
50 nA  [29]. This, along  with  electronic  improvements  allowing  a  16-kHz  spectral- 
repetition  rate,  dropped limits of detection  to 1-10 ppt  when  ultrasonic  nebuliza- 
tion  was  utilized. 

The authors  reported  at  these  detection limits were  compromised  by the 
presence of a  significant  continuum  background of 1000 cps per  50-nsec  window 
[29]. The sources of this  noise  were  hypothesized  to be the leakage  and  scattering 
of ions  into  the  mass  spectrometer, the mechanism of which is depicted  in  Fig. 
12.12 [42]. Since the  duty  factor of the  mass  analyzer  was  approximately lo%, the 
majority of a  repetition  cycle  saw the ion  beam  passing though the  extraction  re- 
gion  unimpeded.  During  this  time,  fringing  fields or off-axis  ion  trajectories  allow 
ions to pass  though  grid G, to be  accelerated into the drift region.  As  these  ions 
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ure 12 Schematic  diagram  illustrating  properly  extracted  signal  ions  (top)  and  “leak- 
age”  ions  that cont~bute to  the continuu~ background  (bottom)  in an o~hogonal-acceler- 
ation  time-of-flight mass spectrometry  (TOF-MS)  with  continuous  ion  sources.  The  ener- 
gies  of  the  two  types  of  ions  are  shown  at  the  right.  The  signal  ions  receive a distribution  of 
energies  resulting  from  their  original  starting  positions  along  the  potential  gradient  in  the 
extraction  region fomed by  the  repeller  pulse  (left).  While  the  repeller  pulse  is off, no  gra- 
dient  exists and the  maximum  energy  of  the  ““leakage”  ions  is 2000 eV.  (From  Ref. 42.) 

have  no  defined “start” time,  when  they strike the detector  they  appear as a noise 
that clutters the entire mass  spectrum. 

Several  strategies  were  employed  in order to reduce  this  effect.  Myers et al. 
described  the  use of a pulsed  ion  optic  to  limit  the  access of ions  to the extraction 
region 1281. By  application of a  voltage  pulse  to  one of the ~ u a ~ p o l e  optics, the 
ion  beam was swept  across  the slit at the end of the primary  optic  chain. By cor- 
rect choice of delay  parameters, the extraction  region  was  filled  with ions only im- 
mediately  prior to a repeller  event.  Mahoney et al.  d  scribed  a different approach 
that  relied  on  differences  in the energies of “signal” and  continuum  background 
ion. populations [42]. 

As the ions  responsible for the  continuum  background  enter  the  acceleration 
region  without the aid of the  extraction  pulse,  they  possess  only the energy  they 
gain  within  the  acceleration  region (see Fig. 12.12). The extracted ions, in  contrast, 
are  subjected  also  to the linear  extraction  field  created by the repeller  pulse  and 
therefore  possess  slightly  greater  energies. By placing  a  potential  barrier  some- 
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igure 13 Pictorial  representation  of  energy discri~nation (ED). Lower-energy  (2000- 

eV)  background  ions  are  repelled  by  the  barrier  formed by the  three  grids in front of the  de- 
tector.  Higher-energy (2150- to  2350-eV)  signal ions pass  through  the  barrier  and  are  de- 
tected.  MCP, ~croch~nel-plate detector.  (From  Ref. 42.) 

where  within the flight  path,  one  can  discriminate  against the lower-energy  con- 
tinuum  background  f43-451. 

Experimentally, this is accomplished by placing a three-grid assembly 
(shown  in  Fig.  12.13)  immediately  in front of the  detector surface, the middle  grid 
of which is maintained at an  elevated  potential.  As is evidenced by Fig. 12.14, a 
potential of 160 V is adequate to reduce  the  continuum  background  noise  in order 
of  magnitude,  while  the  signal  from  a l-ppb Rh solution  remains  relatively  un- 
changed  [42].  Consequently, limits of detection  were  observed to improve by  an 
order of magnitude  in  accordance  with  counting  statistics. The remai~ng baclc- 
ground  noise  was  studied  and  determined to arise from neutrals  that  are  formed 
via  charge  exchange  with the background  gas  [42]. A disadvantage to this energy 
disc~mination (ED)  approach is that the energy  focusing of the  reflectron is com- 
promised,  and  the  resolving  power  with ED grids falls to 1230  from  1520 [42]. 

The full dynamic  range of the  technique  remained  undemonstrated  because 
a  detection  system  that  employs  ion  counting for trace  determinations  and  analog 
measurement for the  higher  concentrations  was  not  available.  Assuming that such 
a  system  existed,  Mahoney et al.  reported  a  dynamic  range of ICP-TOF-MS r106 
[42].  Detection  limits  were  measured  by  using  gated  ion  counting,  in  which  a 50- 
nsec  window is located at the  mass of interest  and  ions  arriving  within  this  period 
are counted. 
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ot~ntial Barrier 
Signal  (triangles)  and  adjacent  back  unt  rates as a  function 

of potential-ba~er height  for  a l-ppb lo3Rh solution.  (From  Ref. 42.) 

Inductively Coupled Plasma Time-of-Flight Mass Spectrometry 
Applications 

Isotope Ratios and Intern~l  ~tanda~dization The ability to extract all ions 
from an incoming  ion beam simultaneously  allows the TOF-MS to provide bet- 
ter precision than sequentially scanned  ICP-MS instruments. Provided that the 
dominant  source of noise is multiplicative in nature, all elements  and isotopes 
should  experience the same perturbations. Therefore, ratioing  techniques  such as 
isotopic dilution should allow compensation for drift and  source noise, and iso- 
tope-ratio  measurements  should  improve  in  precision. 

Past  work  has  shown the attainable isotope-ratio  precision to be affected to 
a great  extent  by the data acquisition  scheme.  Measurements  conducted  with a dig- 
ital oscilloscope,  boxcar  averager, or gated  boxcar  integrator  have  yielded a limit- 
ing isotope ratio precision of about 0.5%. The error  sources, it was found, were  as- 
sociated  with the imprecision of the data acquisition  system itself, in factors  such 
as gate drift and jitter, electronic  drift,  and  readout errors [46]. The use of a mul- 
tistop TDC ion  counting  scheme has proved  more  successful,  as  the  method  dis- 
criminates  against electronic noise  sources and benefits from the  ability  to  exam- 
ine the entire mass  spectrum. It was  shown  that the limiting precision  with  which 
ratios could  be  measured  was  determined by counting  statistics [46]. Figure  12.15 
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A c c u ~ ~ l a t e ~  C o ~ n ~  at 1O7Ag 

Isotope-ratio measurement precision as a function of the number of accumu- 
lated counts. Each  measured  value (circles) represents the relative standard devia~ion of 10 
repetitions. The dotted line represents the precision predicted by counting statistics for a 
given  number of accumulated counts. Because the measured  values  match the predicted val- 
ues  closely,  it  is  confidently  expected  that longer integration times will yield even  better  pre- 
cision (~0.01%). (From Ref. 47.) 

illustrates the dependence of ratio RSD on the number of integrated  events (n) and 
displays  the  characteristic l/nlf2 dependence  predicted  by  counting  statistics. The 
integration of lo7 ion  counts  yielded a limiting  precision of 0.0056% for the  ratio 
of lo7/lo9Ag [4’7]. The inefficiency of ion-counting  techniques  with TOF-MS re- 
quires that  low  count  rates  be  used,  greatly  extending  analysis  times  and  limiting 
the concentration range over  which these results  were  obtainable. It is worth  not- 
ing, however,  that all of the  elemental isotopes are available for study  during  the 
analysis  and  that the use of an  analog  averaging  approach of the  appropriate fi- 
delity  may  hold  promise for precise ratio determination  over a significant  dynamic 
range. 

The success of ratioing  techniques is entirely  dependent  upon the proper 
choice of an internal standard or ratio reference.  Certainly,  another isotope of the 
same  element  under  study is the best choice; indeed, it has  been  shown  that  lead 
signals  temporally  varying  with 17% RSD can be radioed to yield 1.9% RSD, with 
this limitation  imposed by the data acquisition  system.  In some cases,  such as the 
monoisotopic  elements  or  expense  considerations, isotopic dilution may  not be at- 
tractive  and  thus  alternative  elements  must be utilized for ratioing.  Here, it was 
found that improvements  in  precision  were  greatly  dependent  upon  the  choice of 
internal standard,  with  best  results  obtained for elements of close mass  and  ion- 
ization  energy. 
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Laser A ~ Z ~ t ~ o ~  The ability to provide simultaneous  multielemental  mass 
coverage at high spectral generation rates makes a TOF-MS particularly well 
suited for the  analysis of signals  from  transient  sample  introduction  sources. Q p -  
ical laser ablation ICP-MS techniques  use a 10-Hz laser repetition rate to gener- 
ate a steady-state signal in order to accommodate the scanning of the mass spec- 
trometer. In this mode of operation much of the spatial resolution of which laser 
ablation is capable is lost. Further, the scanning nature of the mass spectrometer 
makes  determinations susceptible to error induced by shot-to-shot laser power 
variation,  and  the large amount of ablated  material  may  lead to deposition  on the 
sampling  cones of the instrument. An ICP-TOF-MS offers complete multiele- 
mental  and  isotopic  coverage at mass  spectral  generation  rates of 20 kHz  or  greater, 
and therefore can produce  20,000  complete spectra from the 1-sec transient pro- 
duced by  a single laser shot. Additionally, the simultaneous extraction of all 
masses affords the opportunity  to  employ ratioing techniques to compensate for 
the shot-to-shot variations in laser ablation events. The attractiveness for the de- 
te~ina t ion  of multielemental spatial distributions in solids is obvious. 

Mahoney et al.  described the coupling of a laser ablation  sample-introduc- 
tion  system  to  the  orthogonal  ICP-TOF-MS  instrument  described  in Sec. 2.2.1.1 
[ 16,291.  They  utilized  a  free-running non-~-switched ruby  laser  operating  at 694 
nm  with  an  energy  of 100 &/pulse,  and  with  a  manual  repetition rate of 0.1 Hz 
that  was  limited by the charging time of the flash-lamp capacitors [29].  Neverthe- 
less, the TOF system,  operating at a  repetition  rate of 10 kHz, produced 3000 com- 
plete spectra from  the  0.3-sec  transient  laser  ablation  signal. By utilizing the gated- 
ion  counting  approach (see Sec. 2.1.4) and integrating the transient signal 
generated in this  period.  a  detection  limit of 10 ppb  was  achieved for lead  in cast 
iron  [29]. The authors  note that the  detection capabilities are likely  better  than  cal- 
culated  because  the signal levels  used for the d e t e ~ n a t i o n  were  in the pulse  pile- 
up  regime. 

By employing  a digital oscilloscope  with  the  same  system,  complete  multi- 
element  spectra  were  acquired for single laser pulses. A spot-by-spot  analysis of a 
lava  sample  that  contained  plagioclase crystals within  the  matrix  was also per- 
formed. A multielemen~l spectrum of  both the crystal site and ba~kground lava 
matrix is shown  in  Fig. 12.16 [29]. By sweeping  the laser beam  along  an 1 l-mm 
section  and  sampling  every  millimeter, the distribution of elements as a  function 
of spatial location  was  accomplished. A plot of selected elemental signals  as  a  func- 
tion of spatial location is reproduced in Fig.  12.17  [29]. The positions  where  crys- 
tal  inclusions  were  sampled are evidenced by increases in the M, Na, and Ca sig- 
nals; the lava  matrix was found to contain signi~cant concentrations  of  Fe,  Mg, P, 
K, and Mn [29]. 

Allen et al.  have also reported  the coupling of a laser ablation  sample intro- 
duction to a  commercial ~ ~ ~ - T ~ F - ~ ~  1481. The authors ~llustrated the true  mul- 
tielemental  capability of such  a  system  when  equipped  with an improved data-ac- 
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(a)  Spectrum  obtained  from  the  average  of 20 cycles  (repeller p~lses) after  a 
single  by-laser pulse i n c i ~ n t  on a ~lagioclase crystal  contained in a  lava  sample.  The 
~nging that  follows ~ b u n d ~ t  peaks  is  due  to  detector s ~ t ~ a t i o ~ .  (b) ~ ~ k ~ r o u n ~   s p e c ~ m  
obtained  under the same con~tions as in (a)  but  in tbe absence of a  laser  pulse.  (From  Ref. 29,) 

~uisition system. Several of the advantages of s ~ ~ g l e - s ~ o t  analysis, as ~ o m ~ ~ e d  
to the sequential dilution of many laser ablation events where demons~ated by the 
d e t e ~ n a t i o n  of elem~ntal  se~r~gation within NIST steel s ~ ~ ~ ~ d ~  by singl~-s~ot 
multielemental analysis [48]. 

~lthough a detection system that could acquire the c o u n t i ~ ~  and malog-do- 
main signals s i ~ u l ~ n e o u s l ~  would  improve the d ~ ~ c  range and utility of spot 
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ure 17 Relative  distributions of 1 l elements  (normalized  to  29Si)  across  the l l - m  
distance.  Visual  inspection  under a microscope  supports  the dist~butions suggested  in  the 
plot.  Laser  shots  on  the lava matrix  occurred  at 0, 1,4,5,6, and 9 mm, whereas  laser  shots 
on  the  plagioclase  crystals  occurred  at 2, 3,7, 8, 10,  and  11  mm.  (From  Ref. 29.) 

analysis  with laser ablation  (LA),  this  past  work illustrates the  promise of the  LA- 
ICP-TOF-MS for spatial mapping  and  multielement  transient  analysis. 

~ Z e c t r u t ~ e r m a Z   V a ~ ~ r i z a t i u ~  Like laser ablation, electrothermal  vapor- 
ization  (ETV) sample introduction  techniques  also  benefit  from the talent of TOF- 
MS for the  analysis of transient signals. Utilizing a 250-MHz  flash ADC data ac- 
quisition system, investigators were able to investigate 32 different elements 
during the vaporization of a single 10-vL aliquot of sample solution [49]. Al- 
though  the  capability to examine all masses  during a single  ETV  event is impres- 
sive, perhaps  more  important is the ability of the TOF-MS to provide  added di- 
mensionality to the analysis. In a sense, the use of a laser ablation system with 
TOF-MS  adds  the  dimension of spatial characterization  on a single-shot  basis.  In 
the same sense, the addition of the electrothermal atomizer  provides the added 
dimension of thermal  characterization. 

Figure  12.18 depicts such  an  analysis  wherein mlz ratio is plotted as a func- 
tion of volatilization  time  (proportional to temperature) for a single  ETV  event. 
The high  temporal  resolution of TOF-MS  allows the complete  mass spectral char- 
acterization of the event  and  allows  observation of the different  appearance  times 
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of the  different  elements  present  on the basis of their  volatilization  characteristics. 
This strategy has been  widely  employed for the  separation of isobaric  interferences 
of species  having  different  vaporization  characteristics,  such  as the elimination of 
ArO+  interference  on  56Fe.  Moreover,  the  addition of a  TOF-MS facilitates the  res- 
olution of isobaric  overlaps  even  between  elements,  such  as Sn and  Cd  at mlz = 
112, on the  basis of their  different  volatilization  characteristics. Such a  separation 
can be accomplished  only  with  a  mass-spectral  resolution of 100,000 but  has  been 
accomplished  here  with  a  mass  spectrometer  with  resolving  power of about 1800 
and  the  added  dimensionality of thermal  characterization. 

Other ~ ~ ~ Z i c a t i o ~ s  The applications  described  have highlighted the abil- 
ity of TOF-MS for the  analysis of transient  signals,  a  definition  that  encompasses 
many sample introduction schemes  and transient events.  One important applica- 
tion is the coupling of chromatographic  techniques  with  TOF-MS, as the mass 
analyzer is capable of providing fast multielemental  analysis free of spectral skew. 
Such a  coupling  has  already  been  successfully  employed  with GC systems  utiliz- 
ing electron-impact (EI) ionization  sources  but  has  yet  remained  largely  uninves- 
tigated  in  association  with  ICP-TOF-MS. 

Pack et al.  described  the  coupling  of GC separations to TOF-MS  by  utiliza- 
tion of a  microwave  plasma  torch  (MPT)  [50]. This low-power  microwave  plasma 
source  has  exhibited  excellent limits of detection for halogenated  species. W e n  
such  species  are  separated by GC,  the  simultaneous  capabilities of TOP-MS al- 
lowed the monitoring of  12C and  35Cl  simultaneously,  thereby  facilitating the de- 
termination of empirical  formulas.  Presumably,  ion  chromatographic  separations, 
FIA systems, and other separations might also benefit from the capabilities of 

Although  electrospray  ionization  (ESI)  sources  have  long  been  employed 
with  TOF-MS for the  analysis of large  biomolecules,  Mahoney et al.  utilized ESI 
for the  measurement of elemental  species [5 11. Similarly to  previous  investigations 
by Horlick et al.  [52],  Mahoney et al.  found  that  variations  in the interface  poten- 
tials  could  effect  the  transition  from  a  “bare-metal”  ion  spectrum  to  a  mass  spec- 
trum  composed of clustered or molecular species. These investigators  demon- 
strated the utility of such an approach in the analysis of ferrocene, wherein 
molecular  fragments or atomic  iron  species  were  selected  by  adjustment  of  these 
same  interface  potentials. This result is perhaps  most  valuable  as  a  demonstration 
of the principle of a  modulated,  tandem, or switched  source  that can be  employed 
for the  acquisition of both  atomic  and  molecular info~at ion.  In  such  a  scenario, 
a  single  source  or  a  pair of sources  operating  in  tandem  would be operated  in  such 
a  manner  as to produce  sequentially  fragmentation, or EI-like,  spectra  under  one 
condition  and  atomic  information  under  another.  Further,  if  accomplished  in  a  rap- 
idly  switched  manner  in  conjunction  with  a  TOF-MS,  such  a  system  would be ca- 
pable of the unambiguous  identification of rapidly  eluting  chromatographic  peaks. 

TOF-MS. 
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(a)  Sequential  elemental  inductively  coupled  plasma (ICP) mass  spectra ob- 
tained  during  the ato~zation step  of  an e l e c ~ o ~ e ~ a l  vaporization  (ETV)  cycle  after  the 
injection  of  a  multielement  solution  containing  34  elements,  each  at  100-ppb concen~ation. 
Flight  time (x axis) denotes  time-of-flight  (TOF)  drift  time.  Larger  values  on  the y axis cor- 
respond  to  higher  furnace  temperature  (time = 0  is  the  end  of  the  ashing  stage).  Gray  scale 
value  corresponds  to  signal  level.  For  clarity,  the  spectra  are  separated  into  three  sections 
for mlz: (a)  43-81;  (b)  79-144;  and (c) 160-212.  (From  Ref. 55.) 
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The  ICP has  not  been  the  only  elemental  ion  source  coupled to a  TOF-MS;  nor is 
it the only  ion  source  to  derive  benefits  from the use of a  simultaneous  mass  spec- 
trometer.  In  1994,  Myers et al.  described  the  use of a  pin-type  radio-frequency (m 
glow  discharge  with  the  TOF-MS  [53].  Although the instrument  did  not  yet  utilize 
direct current  (de)  quadrupole  lenses, the use of an  ion  reflectron  provided  unit- 
mass  resolution at mass 208. Interestingly,  ion signals for differing  masses  did  not 
vary  as a function of the steering plate potential  in  the  instrument,  as  had  occurred 
when it was  utilized  with the ICP. This  difference  can  be  attributed to the fact that 
the  ions  possess  the  same  energies,  rather than velocities, an expected  result  at  the  op- 
erating  frequency  and  pressure of this rf discharge.  Reported  detection  limits for trace 
elements  in  brass  and steel samples  were  in  the single-p~-per-millio~ range  [53]. 

Later,  Heintz et al.  investigated  a  planar  rf-magnetron  glow  discharge  cou- 
pled to the  same  orthogonal  instrument  [54]. S ~ p l e r - t o - s ~ m e r  spacing  was set 
at 18 m ,  and  a  sliding gate valve  allowed  easy  sample  removal  [54]. The Rl?"D- 
MS ran  optimally  at 30-40 W of power  and  a  pressure  of 0.2 torr,  producing  de- 
tection limits of 7-20 ppm in MACOR  and 0.1-0.7 ppm  in  aluminum  samples  [54]. 
Primary  beam  currents  from  the  glow  discharge  were quite high (20-50 nA).  One 
drawback  presented  by  the  magnetron  discharge  was  the  observed  signal drift, a 
drawback that can  be  overcome  by the choice of proper internal standards  [54]. 

Although  the  coupling of steady-state  discharges to the TOF-MS  has  proved 
successful,  the  TOF-MS is perhaps  better  suited for the  investigation of pulsed GD 
sources.  Here, the high  temporal  resolution  and  multielement  capabilities of the 
TOF-M~ can  be  fully  exploited,  with the coupling of a  pulsed  source to a  pulsed 
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mass spectrometry (GD-TOF-MS) system. (From Ref. 55.) 

mass  spectrometer  to  improve  resolution.  Hang et al.  reported  the  coupling of a 
pin-type  pulsed  GD to an  orthogonal  TOF-MS [55]. This instrument  employed  a 
linear  geometry (1.25” flight  length),  orthogonal  extraction,  and  two-step  accel- 
eration (see Fig.  12.19). The pulsed  glow  discharge source operated  over  an  ad- 
justable frequency range of 500 Hz to 5 kHz  and  a  pulse  duration  of 0.2 to 9  psec 
(pulse  height of 600 or 1 100 V) [S] .  Peak  ion  currents  measured  at the exit of the 
orthogonal  extraction  zone  were  over  100 nA when  using  this  discharge (600 V, 3- 
psec  pulse, 3 kHz) [ S S ] .  A dc operating  discharge  at  this  voltage  produced  only  0.2 
nA of continuous  current. 

In addition to high  ion  current  and  instantaneous  powers,  the  use of a  TOF- 
MS in  conjunction  with  a  pulsed  source  allows  the  realization of much  higher  duty 
factors. On the  basis of the drift time required for ions to reach the  Faraday  cup at 
the  end of the extraction  region,  Hang  calculated  that  ions  require  about  1.25  psec 
to traverse  the  orthogonal  extraction  zone,  facilitating  analysis of about  25%  of  the 
pulsed-current  transient  from the discharge [ss]. An appropriate  delay  time from 
glow  discharge pulse to  TOF-MS  repeller pulse (5  psec)  was  chosen to analyze the 
sputtered  species.  Using  the same linear  TOF-MS  a  resolution.  of  more  than 500 
was  achieved for ‘j3Cu with  a  100-MHz  bandwidth  readout [55]. In this  early  study 
ion deflection  in  the  flight  tube  was  inefficient  as  a  result of limitations  in  pulsing 
circuitry,  and MCP detector  saturation  occurred  after  the h+ ion  appeared  (removal 
of 50%) [55]. Nevertheless,  the results were quite promising  with  this  pulsed GD 
ion  source,  especially  the  high  ion  currents  obtainable,  in  addition to the surpris- 
ingly  high  resolving  power of the linear  TOF-MS. 
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The compatibility of the  pulsed  glow  discharge  source  with  TOF-MS  con- 
tinued  to  drive  the  research  in  developing  a  GD-TOF-MS.  Harrison  and  Hang  pre- 
sented  work at the  1996  Winter conference on  Plasma  Spectrochemistry  on an or- 
thogonal  TOF-MS  with  a  reflectron;  however,  in  this  preliminary  study the mass 
spectrometer  was  operated  in  a  linear  mode  only  [56].  They  utilized  a  stable  and 
versatile pulse generator for the  microsecond  discharge  and  adjusted  time  delay to 
the repeller  pulse of the TOF-MS.  With  this  approach,  the  separation of gas  species 
and  sputtered  species  was  possible.  Figure  12.20  shows  a  plot of a group of mass 
spectra  obtained  as  a  function of repeller  delay for a  copper sample [56]. The TOF- 
MS  offers the time  resolution to separate  sputtered  species  from the discharge 
gases.  Here, the time lag between  the  two is related  to  diffusion of the sputtered 
species to the  sampling  orifice  and to the  long lifetime of the  metastable  argon  that 
can ionize sputtered  atoms after the pulsed  discharge is off  [56]. The design of the 
TOF-MS is similar to that  described  in the previous  paragraphs,  with  the  excep- 
tion of the  replacement of a dc quadrupole lens with  two  steering  plates to focus 
ions through  a slit prior to the  extraction  region (see Fig.  12.21).  Peak  ion  currents 
in  this  instrument  were 8 nA,  with  a  900-V  discharge  pulse of 4-sec  duration  used 
[57]. The resolving  power of the instrument  measured at looMo (peak  width of 50 
nsec)  was 300. The  authors  estimated  a  transmission of 10% for the TOF-MS  but 
point  out  uncertainties  in  their  predictions  due to inaccuracies  in the pulsed  cur- 
rent  measurement. A spectrum  produced  from  a steel sample is displayed  in  Fig. 
12.22. 

Hang et al.  followed  the  preceding  work  with  investigation of a  reflectron 
mode of operation. The resolution of this instrument at that time was 1600 
(FWHM)  [57].  Figure  12.23  shows  a  spectrum from the  instrument  obtained  in lin- 
ear  and  relectron  modes.  Detection limits were  in  the  low-part-per-million  range 
and  limited by the data acquisition  electronics. Signal stability of the pulsed  dis- 
charge  was  10%  over  1  hour,  comparable  with that reported for other  GD  sources 
[57].  Besides  improvements  in  the data collection  system,  the  authors also planned 
improved  pumping in the third  stage of vacuum to lower  background  noise  and  re- 
duce ion  scattering. 

Pulsed  discharges  may  be  utilized  to  analyze  nonconductive  samples. Steiner 
et al.  described the use of a  pin-type  pulsed  rf-GD  in  conjunction  with  a linear or- 
thogonal  extraction  TOF-MS  [58].  Figure  12.24  depicts  differences  in  the  spectra 
obtained 4.0 msec after the power  plateau  and 7.0 msec  after  the  plateau. As ex- 
pected, the sputtered  species  (Si) in the discharge  are  found in the afterpeak at 7.0 
msec  (see  Fig.  12.24). The resolution  and  sensitivity of this  early  system  were  lim- 
ited and  improvements  were  planned in the input optical  system of the instrument. 

Su and  coworkers  developed a design  similar to the Grimm-type  discharge 
to alleviate the need for pin  samples  [59].  This  discharge  was  coupled  to  an im- 
proved  version of the instrument  previously  described by Hang.  Ion  throughput 
was  increased  through  better  pumping  and  improved  ion  optics.  In  addition,  some 
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l Ion optics for glow discharge time-of-flight  mass  spectrometry (GD-TOF- 
MS) (From Ref. 56.) 

parametric studies revealed the optimal  frequency for the pulsed  discharge.  Figure 
12.25 shows  a  plot of Cu signal  vs.  discharge  pulse  frequency;  the  authors  point 
out that results above 2 kHz should  yield  more signal, but  the  power  supply  could 
not  provide  enough  power at these  higher  fkequencies E%]. 

One  application of great interest is depth  profiling  by  means of GD-TOF- 
MS. Pa~icularly in  conjunction  with  pulsed GD sources,  the  simultaneous  multi- 
elemental  capabilities of TOF-MS  permit  the  analysis of solid  samples  as  a func- 
tion of depth (or time) as the discharge  operates. In such  a case, one  might  envision 
complete trace elemental  analysis of solid  materials  with  resolution  on the nanome- 
ter  scale. 

Overall, it is clear that  as  in  ICP-TOF-MS,  in  GD-TOF-MS inst~ments are 
still improving.  However,  as  in  ICP-TOF-MS, the analysis of transient  signals, like 
the pulsed GD ion  source,  has  proved  successful. The pulsed CD offers  many  ad- 
vantages  over  conventional  discharges. The d i s c ~ ~ n a t i o n  against  gaseous  species 
and the high ion currents and instantaneous powers obtainable are two  major 
strengths of the  GD-TOF-MS  combination  and  should  be  the  future of the  technique. 

ass ~ ~ e ~ t r o r n e t ~  

instr~ment Principles and Performance 

Section 12.3.1.1 highlighted  two  different  on-axis  TOF-MS  geometries that might 
find  use  with an elemental  ion  source  such  as the GD or ICP. A design  incorporat- 
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(a)  Glow discharge time-of-flight  mass spectrometry (GD-TOF-MS) spec- 
trum of steel sample. (b) Magnification of MO section of the spectrum. Operating condi- 
tions:  argon pressure, 1 torr; cathode-orifice distance, 4 mm; repelling pulse  delay, 220 pec ;  
pulse  magnitude, 2 kV, frequency, 100 Hz; detector voltage, 1.6 kV, 100 pulses averaged. 
(From  Ref. 56.) 
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Mass spectra of lead disc: (a) reflectron  mode, (b) linear mode, Source, l  torr, 
5 m; pulse, 100 Hz, 15 psec; pulse width, 10 psec; 2.8 k'v. (From Ref. 57.) 
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Radio  frequency  glow disch~ge time-of-flight  mass  spectrometry  (GD-TOF- 
MS) spectra  of  silica  glass  at  (a) 4.0 rnsec  &er  power  onset  (plateau)  and (b) 7.0 msec  after 
power  onset  (afterpeak).  (From  Ref. 58.) 



Inorganic ~ ~ e - o ~ - ~ l i g ~ t  Mass S ~ e c t r o ~ e t ~  495 

Effect  of  the  pulse  frequency  on  the  'j3Cu+  signal  (discharge  pressure, 180 Pa; 
discharge  current, 3 A; discharge  pulse  duration, 2 psec).  Each  point  was an average  value 
based  on 1000 pulses.  (From  Ref. 59.) 

ing  postacceleration  modulation  (Fig.  12.3) has not  yet  seen use in  that  field.  Pre- 
sumably,  this is due to the  low  duty factors, and  therefore  sensitivities,  that  such 
an  instrument  would  probably  deliver.  An  instrument  based on premodulation  ac- 
celeration (Fig, 12.5), in  contrast,  should  offer  analytical  figures of merit  similar 
to those  obtainable  with  an  orthogonal-extraction  geometry  and is therefore  more 
attractive. 

To date, two  groups  have  reported  on the development of an  on-axis  ICP- 
TQF-MS  utilizing  preacceleration  modulation E60-621. The latter is a  commer- 
cially  available I C ~ - T Q F - ~ S  instrument,  manufactured by LECO Corp [63]. 
designs utilize the basic  geometry  patented  by Li and  Hieftje,  a  schematic  diagram 
of which is included  as  Fig.  12.26 [63]. The design  can  be  visualized as an or- 
thogonal  extraction i n s ~ m e n t ,  part of which  has  been  rotated  through an angle of 
go", and  whose  repeller  plate  has  been  replaced  with  a  gridded  ring  electrode. In 
this  way the continuous  incorning  ion  beam enters the extraction  region  through 
the repeller electrode, as  opposed  to  between the repeller  plate  and  first  accelera- 
tion  grid (see Fig. 12.9). The instrument also differs from the orthogonal  extrac- 
tion  design  in the use of simple  cylindrical lenses as  extraction  optics,  but  perhaps 
more  importantly in the  incorporation of a  modulation  region. 

Because the continuous  ion  beam  and  extracted  ion  packets  follow  the  same 
path  after  extraction,  some  additional  means of separating the two is required.  In 
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one case, this is accomplished by the use of a set of parallel  deflection  plates lo- 
cated imediately in front of the repeller  electrode.  Prior  to  extraction,  a  portion 
of the  ion  beam is selected by application of a  voltage  pulse of the appropriate  mag- 
nitude,  nominally  15-V  magnitude  and 5-psec duration  prior to the repeller  pulse. 
The selected  ion  packet is then  allowed to propagate into the extraction  region, 
where it is selected for mass  analysis by the  repeller  pulse.  Although  this  arrange- 
ment is conceptually  simple,  proper  pulse  delay  and  width  are critical to ensure a 
representative  sampling of the  incoming  ion  beam. This strategy is thus  depend- 
ent upon  the  energy of the  incoming  ion  beam,  and  a  slight  overfilling of the  ex- 
traction  region  in front of the repeller is often  necessary  in order to ensure unbi- 
ased  analysis.  One  related  aspect  worthy of note is the  use of a  shielded  load coil 
to reduce  ion  energies in the beam  [63]. 

This instrument  has  also  been  operated  without  the  aid of preacceleration 
modulation, by relying  upon the repeller  pulse  alone to generate  a  mass  spectrum 
[63]. In a  manner  analogous to the  noise  attenuation  technique, the so-called  en- 
ergy d iscr~nat ion  TOF-MS  exploits the differences  in  energy  between signal and 
background  in order to differentiate  between the two.  With  a potential barrier 
placed  in front of the detector (see Fig.  12.26),  ions  that are continually  acceler- 
ated into the TOF-MS  are  prevented  from  striking the detector. In contrast,  ion 
packets  that are intentionally  extracted into the flight  tube  are  given  an extra kick, 
enabling  them to surmount  the  barrier.  Although this approach is simple to imple- 
ment, its disadvantage  with  a  high-current  source  such  as  the ICP lies  in the large 
background  that is observed.  Because  the ion beam is continuously  allowed  to  enter 
the flight  tube, the number of neutral  species  generated by charge  exchange is much 
higher  than in the  orthogonal  geometry,  resulting in a  continuum  background  ap- 
proaching  2000  cps  per  50-nsec  portion of the mass  spectrum  [63]. In practice, the 
use of both  preacceleration  modulation  and the energy  discrimination  greatly  re- 
duce the background  noise [60-621. 

Although  similar  in  a  number of ways,  such  as  in  the  use of two-stage  ac- 
celeration,  the  simple  geometric  difference  between  the  orthogonal  and  on-axis  de- 
signs  produces  several  additional  advantages  and  challenges.  Indeed,  the  develop- 
ment of the on-axis instrument resulted in part from a desire to eliminate the 
mass-dependent  steering  and  low  transmission  efficiency  observed in the  orthog- 
onal-extraction  design of Fig.  12.9.  By  placing  the  incoming  ion  beam  and  flight 
tube on the same  axis,  the  need for compensatory  steering is lessened,  thus  restor- 
ing the  capability of multielemental  analysis  under  a  single set of instrumental  con- 
ditions.  Figure  12.27 illustrates a  study  analogous to that  portrayed  in  Fig.  12.11, 
wherein the behavior of different  masses is monitored  as  a  function of steering  po- 
tential.  Although  a  very  slight  mass  bias  exists  in the on-axis  instrument, the max- 
imum  signal  from  different  elements  occurs  over  a  significantly  smaller  steering- 
voltage  range. 

The attainment of mass-independent  steering  and  a  smaller  beam  cross  sec- 
tion is achieved at the cost of placing  greater  demands on the instrument  to  com- 
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P b  

7 Plot of signals vs. steering plate (Y) potential for difTering masses  in the LECO 
on-axis  time-of-flight  mass  spectrometer. Compare to Fig. 12.9, obtained with  an orthogo- 
nal-extraction,  time-of-flight mass spec~omet~r  (TOF-MS). 

pensate for energy  dispersion  in the incoming  ion  beam.  Because the vector of 
greatest  energy  dispersion now lies  along  the  flight  axis,  the  reflectron  must  com- 
pensate for a  much  broader ~ i s ~ b u t i o n  of energies,  and  thus  resolving  power mi 
be sacrificed.  Experimentally  the  success of this compensatio~ is verified  by  the 
achievement of adequate  resolving  power,  Myers et al.  demonstrated typical reso- 
lutions of 1300 ( ~ ~ ~ ) ,  an example of which is included  as  Fig.  12.28  [62]. This 
resolution is only  slightly less than  that  obtained  with  the  orthogonal  extraction in- 
s t ~ m e n t  of Fig.  12.9,  and  with  an ins~ument having  approximately  half  the  flight 
length. 

In terms of analytical  performance,  the  on-axis  instrument  has  exhibited  fig- 
ures of merit similar to those obtained  with  orthogonal-extraction geomet~es. 
Using  modulation, initial results  reported by Myers et al.  [62]  and  Ray et al.  [60,61] 
include detection limits in  the  1- to 10-ppt range for most  elements,  using  pneu- 
matic nebulization. The sensitivity of the on-axis instrume~t  is typically 
1000-2000 cpslppb (midmass range, monoisotopic  element)  with  pneumatic  neb- 
ulization,  which  appears  to indicate slightly  higher  ion t~oughput  than  in the pre- 
vious  orthogonal  ICP-TOF-MS inst~ment.  A plot of background  noise  as  a  func- 
tion of mass is shown  in Fig, 12.29. The pressure  in the analyzer  region of the 
instrument  in  these measure~ents was 1.5 X lom6 torr,  and the r e ~ a i n i n ~  contin- 
uum ion  background is presumably  from the charge  exchange  mechanism. 
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ure 30 (a)Analog multielement spectrum consisting of 100 isotopic windows, each a 
l-sec integration 19 bins  in  width (or 38 nsec), for a 100-ppb solution of 62 elements ob- 
tained  with the patented  LECO data acquisition system. (b) Counting domain spectrum ob- 
tained for the same solution and acquisition parameters with a 10-ppb solution. 
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As stated  throughout  this  chapter,  the  heart of an  elemental  TOF-MS is a de- 
tection  system  that  can  deliver  an  excellent  dynamic  range for the  multielement 
analysis of  broad  concentration  ranges at once.  With its new on-axis  instrument, 
LECO  has  introduced a detection  system  that  can  collect  ion  counting  and  analog 
signals  simultaneously from the same detector. This patented  system  uses a 500- 
MHz  analog-to-digital  converter in conjunction  with a 100-MHz  discriminator/ 
counter  [62].  By  using “binned” acquisition of the  spectra  and  accumulation  cir- 
cuitry  the  amount of i n f o ~ a t i o n  generated  by a 20 to  30-KHz  TOF-MS is han- 
dled  much  more  easily. This acquisition  concept  allows the user  to  place  2000 2- 
nsec  bins  at  any spectral location  desired  in order to  view the mass  spectral  peaks 
of interest.  In  this  mode,  more  than l00 elemental  isotopes  can  be  acquired si- 
multaneously  with  bins  having  counting  and  analog output [62], Figure  12.30 
shows a spectrum  obtained  on  this  commercial  instrument of a solution  contain- 
ing 62 elements  with the instrument  acquiring 100 isotopes of interest in a l-sec 
integration. 

Tr~ns i~n t  Analysis 

Just  as  with  the  orthogonal  TOF-MS,  the  on-axis  instrument is well  suited for the 
analysis of transient  signals.  With  the data acquisition  system  employed in the 
LECO in-axis  ICP-TOF-MS,  multielement  analysis of fast transient  signals is pos- 
sible for a selectable  number of isotopes. The exceptional  speed of the TOF-MS 
will  no  doubt be exploited  extensively  in future applications  with  this inst~ment.  
Further  development of software  to ensure the  integrity of the  time-domain  tran- 
sient  signals is a necessity. As the  number of isotopic signals  increases,  the data 
analysis  becomes a more  daunting  task for both  the  computer  and  the  analyst.  With 
this  commercial  instrumentation  results  similar to those  achieved  in the previously 
described  LA-ICP-MS  and  ETV-ICP-MS  can  be  realized  over a large  range of sig- 
nal  levels. 

Judging  from  the  degree of apparent  interest  and  the  number of papers  published 
in the field  of  elemental  TOF-MS  over  the last 3-4 years, it appears  that  this  mar- 
riage is one full of promise for the future of elemental  analysis.  Perhaps  the  pri- 
mary  reason for such a trend is the  need for a truly  simultaneous  mass  spectrom- 
eter  capable of extending  capabilities  beyond  current ins~menta~ion.  The fields 
of ICP and GD atomic  emission  spectroscopy  have  been revolutioni~ed by the in- 
corporation of simultaneous  array  detectors. This revolution is  just now  beginning 
in the mass spectromet~ field. 

The time-of-flight  mass  spectrometer is an  instrument  capable of increasing 
the  amount of i n f o ~ a t i o n  obtained  from a sample  per  unit  time.  Multielemental 
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and isotopic measurements  accomplished  with greater precision  and  increased 
speed  will  drive  more  efficient sample utilization.  With  the  capability for rapid 
se~~uant i ta t ive  analysis of the entire periodic  table,  and  a  talent for the charac- 
terization of ~ansient signals,  the  TOF-MS is capable of increasing 
information  gleaned from pro~ressively smaller S 

number of elemental signals can be increased for inte 
isobaric  corrections, or ratioing  without loss in sen 
time. 

Si~nificant challenges  and  opportunities  rem 
elemental  analysis. One recurrent  theme reco~nized 
has  been the need for a detection  system capabl 
and  wide  dynamic  range.  Although  the  aforemen 
developed for I ~ ~ - T ~ F - ~ S  fulfills  many of these 
finement of such  systems  represents  a  key to the fu 
is an interesting juxtaposition of the simplest of ma 

complex,  and  as digital electronics  become fa 
mance of the elemental TOF-MS  will  certain 

Another  significant  challenge  remains  in further i 
with  which  sample  species  are  utilized  through  increased 
factor.  Currently  many of the ions  generated  by  continuo 
lost because of the pulsed  nature of the inst~ment.  Realization o 

the  unit t r ~ s ~ s s i o n  efficiency of which  TOF-MS is cap 
-MS into a  sensitivity  realm  well  beyond  that of 

  hat ever the future holds for time-of-~ight ins 
mass s p e ~ t r o ~ e t ~  field,  they  have  certainly  shown the PO 

out of the entire elemental  mass  spectrum. 
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glow  discharge,  37 
sputter,  37-39, 85, 174-181 
thermal, l ,  85, 86 

Bessel box, 53, 54,  90 
Bias  correction (see Mass  bias) 
Blank,  process,  224,  225 

Carbon,  nitrogen,  and  oxygen  analysis, 

Catalysts,  137 
Cathode 
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dark  space,  35,  37 
fall,  35 
potential,  35 

Charge  compensation,  199,200,423,424 
Chromatography (see Speciation) 
Coal  fly  ash,  135,  136 
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electron  multiplier,  11-13, 55, 56,  98 
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microchannel  plates,  470,  471 
multicollector  arrays,  13,  87,  96, 

122,  130,  132,  143,  144 
photographic  film,  202 
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Cool  plasma,  107,  108 
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Data  acquisition  systems,  471-473 
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Depth  profiling,  204-206 
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discharge  mass spec~ometry, 
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spectrometry,  67,  93,  94,  115- 
118,477,498 

for  Paul (quad~pole) ion  traps,  344 
for  spark  source  mass  spectrometry, 

for  time-of-flight  mass 

Detectors (see Collectors) 
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spectrometers,  464,  465 
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Discharge (see also Glow  discharge) 

Doubly-charged  ions,  184, 186 
dary  radio  frequency,  72 

Einzel  lens,  90,  296,  466 
Electron  affinity,  242 
Electron  capture,  18 l 
Electron  emission,  18  1 
Electrospray,  363-365,  485 
Energy  filtering,  186,  294,  295,  420, 

Equiilibration of spike  and  sample,  224 
42  1 

Filament, 8 
configurations,  9 
material, 8 

Fractionation,  16-19,  86,  131,  136, 
144 

Gas c~omato~aphy (see Speciation) 
Geochemistry,  22,  130-133,  315-322, 

415 
Getters,  265,  283 
Glow  discharge 

atmospheric  sampling,  52 
collisions  in,  40 
compacted  samples  analyzed  with, 

direct  current,  46 
getters,  265,  283 
Grimm,  49,  52,  267, 280,489 
history  of,  32,  33 
hollow  cathode,  49, 51 
hollow  cathode  plume,  263 
ionization,  39-42 
laser  ablation,  268,  269 
magnetron,  280 
mass  analyzers,  53-56 
modeling,  43 
novel, 51, 52 
planar  cathodes,  48,  49 
polyatomic  interferences,  59,  61,  62 
processes,  33-37 
pulsed,  488,  489 

263-269 

[Glow  discharge] 
radio  frequency,  47,  48,  262,  265- 

regions,  34-37 
sample  preparation,  44-46,  263-269 
secondary  cathodes,  52,  53 
sputter-atomization,  37-39 

287,489 

Glow  discharge  mass  spectrometry, 
3  1-66,26 1-289 

applications  of,  56-61 
energy  filters,  53,  54 
instrumentation,  43,  44,  53-56 
ion  traps  and,  53,  339-346,  358- 

isotope  dilution,  59,  60 
magnetic  sector,  53 
quadrupole,  53 
time-of-flight,  53,  467,  485-495 

360 

Hexapole,  298-301 

Imaging,  206-2  10 
isotopic,  207,  435 
~ee-dimensional, 209,  210 

Inductively  coupled  plasma  mass 
spectrometry,  67-158,  291- 
322,  376,  377,404-408 

applications  of,  124-142,  308-322, 

detection  limits  for,  67,  93,  94, 

electrothermal  vaporization  coupled 

Fourier  transform  ion  cyclotron 

influence  of  instrumental  parameters 

instrumentation,  67-98 
ion  traps  and,  67,  346-353,  360- 

laser  ablation  coupled  with,  85-87, 

multiple-collector,  291-328 
quadrupole,  94-96 
relative  sensitivity  factors,  67 

480 

115-1  18 

with,  484,  485 

resonance,  67,  97 

on,  110-1  15 

363 

315-322,481-483 
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[Imaging] 
sector,  96,  294-301 
semi-quantitative  analysis,  122-124 
time-of-flight,  96,  97,  449,  455,  460, 

464,465,468,471,472,474- 
485,495-498 

Ins~mentation 
glow  discharge  mass  spectrometric, 

inductively  coupled  plasma  mass 

ion  trap,  67,  470 
quadrupole,  53,  55,  94-96,  165, 

secondary  ion  mass  spectrometric, 

sector,  15-17,  53-55,  96,  199 
thermal  ionization  mass 

spectrometric,  8-16 
time-of-flight,  53,  96,  97,  167,  168, 

43-56 

spectrometric,  67-158,  291-328 

166,  201 

193-202,417-419 

170,  171,201,417,447-505 
Insulating  materials (see 

Nonconductive  samples) 
Ion  cyclotron  resonance (see Ion  traps; 

Penning) 
Ion  emitters,  242-259 

electrodeposition,  257 
images  of,  247-249 
in  situ  ion  formation,  255,  256 
ins~mentation for  studying,  243- 

ion  lenses  for,  244,  245 
models  of,  254,  255,  258,  259 
mounting  details,  245-249 
preformed  ions,  252-255 
pure  metals,  256,  257 
secondary  ion  mass  spectrometry 

silica  gel,  257 
types,  252-256 

Ionization,  39-43 
electron  impact,  41,  42 
metastable,  41,  42 
Penning,  41,  42 
secondary,  181-193,417-419 
thermal,  1 

252 

and,  251,  252 

Ion  optics,  89-91,  114,  115,  198,  295 
Ionization  potential,  5, 6, 242,  302 
Ion-neutral  mass  spectrometry,  249-25  1 
Ion  traps,  329-371 

external  ionization  and,  338-353 
internal  ionization  and,  335-338 
lasers  and,  335-338 
Paul  (quadrupole),  330-352 

abundance  sensitivity  and,  352 
applications  of,  335-353 
buffer  gas  in,  333 
detection  limits  and,  344 
dynamic  range  of,  332,  343,  351 
fields  within,  330,  331 
filtered  noise  fields  in,  333,  334 
glow  discharges  with,  339-346 
high  resolution  in,  352,  354 
inductively  coupled  plasma  in, 

low  mass  limit  for,  331 
mass  resolution  of,  334 
Penning  traps  and,  335 
polyatomic  interferences  in,  338, . 

reactions  of 0, in,  350 
resonance  absorption  in,  333 
resonance  ejection  in,  334 
stored  waveform  inverse  Fourier 

346-353 

340-343,  347,  348 

transform (SWIFT) in,  334,  335 
Penning,  353-367 

application  of,  357-367 
cyclotron  frequency,  354 
electrospray  ionization  and,  363- 

glow  discharge  and,  358-360 
image  current  in,  355 
inductively  coupled  plasma  and, 

internal  ionization  in,  357 
ionic  motion  in,  354-356 
lasers  and,  358 
mass  resolution  in,  356,  358-360, 

362,  365 
quadrupolar  axialization  in,  356, 

357 

365 

360-363 

time-of-flight  hybrid,  470 
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Ion yield, 184,  185,  188 
Isochrons, 232 
Isotope dilution, 2,  59,  121,  122,  128- 

137,  140-142,  223-238 
application of, 229,  23  1-238 
for biological analysis, 236 
choice of spike isotope, 228,  229 
for env~onmental analysis, 232 
with gas chromatograp~y mass 

spectrometry, 234,  235 
for geological  analysis, 232,  312-3  15 
in  glow discharge mass 

spectrometry, 23  1 
in inductively coupled plasma mass 

spectrometry, 23  1,  234,  235 
with liquid chromatography mass 

s p e c t r ~ ~ e ~ ,  234 
microwave digestion, 235,  236 
for nuclear analysis, 237 
speciation and, 234 

application of, 227 
Isotope dilution equation, 225-228 

I Isotope ratios, 1-26,  56-58,  87,  122, 
125,  127,  128,  130,  132,  133, 
135-137,  211-214,  274,  302- 
322,429-438,480,481 

in atomic weights, 25 
calibration, 16-  19 

in cosmology, 22,  309-312,  430, 

in geology, 22,  132,  312-315,  429, 

light stable, 431-436 
in nuclear, 23,  137 
total e~aus t ion ,  19 
tracers, 129 

Isotopic standards, 17 

internal, 19 

431 2 

43  1-438 

Knudsen vaporization, 250 

Langmuir vaporization, 250 
Lanthanide elements, 13  1,  426,  427 
Liquid chromato~aphy (see 

Liquid metal ion source, 167,  197,  198 
Speciation) 

Mass bias, 16-19,  58,  91,  110,  122, 

Mass resolution, 356,  358-363,  365 
Mass selective accumulation, 

in ion traps, 332,  343,  351,  357 
Mass  selective ~ s t a b i ~ ~ ,  33  1,  343,  344 
Mass spectrometry-mass  spectrometry 

Matrix effects, 118-122,421-423 
Melt inclusions, 425,  426 
Microwave induced plasmas, 378,  379 
Mixed gas plasmas, 106,  107 
Multiple collector inductively  coupled 

123,131,183,303,306-308,422 

(MSMS), 330 

plasma  mass  spectrometry 
applications of, 308-322 
ins~mentation, 292-301 

direct injection, 82,  83 
pneumatic, 73,  74 
ultrasonic, 79, 80 

Nonconductive samples 
analysis of, 261-285 
charge compensatio~ for, 199, 200, 

glass, 281,  282,  321,  322 
polymers, 274,  275,  285-287 
soil, 266,  267 

Nebulizers, 73-80 

423,424 

Nuclear applications, 23,  58,  59,  137, 
237,  312-315 

Plasma (see aZso Glow  discharge), 33, 
69-75,78, 80-85, 87-89,91, 
96,  106-121,  124,  127,  129, 
132,  138,  140,  144 

cool, 107,  108 
helium, 71 
inductively coupled (see Inductively 

coupled plasma mass 
spectrometry) 

microwave induced, 378,  379 
mixed gas, 106,  107 
radio frequency, 72 

Polyatomic interferences, 32,  59,  61, 
62,  68,  71,  94,  99,  103-106, 
126,  129,  298,299,  338,  340- 
343,  347,  348,419-421 



Index 51 l 

Precious  metals,  131,  132,  427,  428 
Primary  ion  column,  198 
Primary  ion  sources,  195-198,  417 
Pseudo-S~a~Langmuir processes,  241, 

Pulse  counting,  11-13, 55, 56,  70,  98 
256 

Quadrupole,  53, 55, 94-96,  165,  166, 
201 

Radio  frequency  glow  discharge,  47, 

Rare  earth  elements (see Lanthanide 
elements) 

Reflectron  time-of-flight  mass 
spectrometer,  452,  453 

Relative  sensitivity  factors,  191 - 194, 
281,  282,422 

Resolving  power (see Mass  resolution) 
Resonance  processes 

48,262, 265-287 

ejection,  334 
excitation,333 
stored  waveform  inverse  Fourier 

transform (SWIFT), 334,  335 

S~a~Langmuir equation,  4,  7, 8 
Sample  introduction,  73,  198,  199 

direct  injection  nebulizers,  82,  83 
elect rot he^^ vaporization,  87 
flow  injection,  84, 85 
hydride  generation,  83,  84 
pneumatic  nebulizers,  73,  74 
sample  mount,  198,  199 
solid  sample, 85-88 
ultrasonic  nebulizers,  79, 80 

magnetic,  14 
voltage,  15 

Seawater,  134 
Sector,  15-17,  53-55,  96,  199 
Secondary  ion  mass  spectrometry, 

Scanning 

159-22  1 
applications  of,  202-215,  424-445 
high temperat~e, 25 l ,  252 

imaging,  206-2  10 
history,  159-174 

[Secondary  ion  mass  spectrometry] 
ins~mentation, 193-202,  417-419 
ion  microprobe,  161-165,  424-439 
isotopic  measurements  with,  2  10- 

magnetic  sector,  199,  418 
matrix  effects,  190,421-423 
modeling,  165,  189,  190 
negative,  160 
profiling,  204-206 
quadrupole,  165,  166,  201 
quantification  in,  188,  189,  190-193 
relative  sensitivity  factors,  191-194, 

static,  162,  165,  202-204 
theory  of,  174-193 
time-of-flight,  167,  168,  170,  171, 

201,  417 
Sensitive  high resolu~on ion 

microprobe (SHR~P) ,  168, 
171,418,432 

214,429-438 

422 

Sensitivity (see Detection  limits) 
Skimmer,  89,  91 
Soils, 58, 59,  134,  135 
Space  charge,  91 
Spark  source mass spectrometry,  32 

detection  limits,  32 
polyatomic  interferences  with,  32 

Speciation,  139-142,  373-414 
capillary  electrophoresis  and,  399-403 
figures  of  merit  for,  409 
gas chromato~aphy and,  392-397 

applications  of,  394-397 
interfacing  of,  393,  394 

helium  inductively  coupled  plasma 

helium  microwave  and,  403,  404 
inductively  coupled  plasma  in,  376, 

liquid c~omato~aphy and,  379-392 
applications,  381-383,  384-386, 

and,  404-408 

377 

387-389,  391,  392,  394-399, 
401-404,407,408 

ion-exchange  chromatography, 

ion  pair c~omato~aphy, 384-386 
387-389 



512 Index 

[Speciation] 
interfacing  of,  379-381 
micellar  liquid c~omato~aphy, 

reverse  phase,  381-383 
size  exclusion  chromatography, 

microwave  induced  plasma  in,  378, 

supercritical  fluid  chromatography 

386,  387 

389-392 

379 

and,  397-399 
applications  of,  398,  399 
interfacing  of,  398 

target  elements  for,  374-376 

ma~ematical correction  for,  109- 
Spectral  overlap,  99-  1  10 

110 
Spike 

isotopic,  223-238 
multielement,  23  1,  232 

Spray  chamber,  74,  75, 80, 81 
Sputtering,  37-39,  174-  18  1 

effect  of  crystallite  orientation on, 

effect  of  primary  ion  energy  on, 

glow  discharge,  37-39 
periodic  nature  of,  175,  177 
primary  ion,  174-181 
rate,  38,  39 
reactive  gas,  184 
yield,  37,  38,  174-176 

Surface  diffusion,  214 
Surface  ionization (see Thermal 

176,  177,  179,  180 

176,  178 

ionization) 

Thermal  ionization,  1-26,  241-259 
cavity  source,  11 
efficiency  of,  19-21 
elements  amenable  to,  2 
electroplating  in,  20,  21 
filament  configurations,  9,  10 
filament  material, 8, 9 
history,  2 

[Thermal  ionization] 
inst~mentation, 8 
overcoat,  2  1 
resin  bead,  20 
Saha-Langmuir  equation,  4,  7, 8, 241 
silica  gel,  1,  20 
theory,  3-8 

Thermal  ionization  mass  spectrometry, 
1-30,  313 

collectors,  11 
detection  systems,  11 
multi-collector,  13 
total  exhaustion,  18 

Time-of-flight  mass  spectrometry,  53, 
96,  97,  167,  168,  170,  171, 
201,417,447-505 

axial  geometry,  49  1-502 
benefits  to  using,  455-458 
data  systems  for,  471-473 
design  considerations,  458-463 
detection  limits  for,  464,  465 
electrospray  and,  485 
glow  discharges  and,  467,  485-495 
inductively  coupled  plasmas  and, 

449,  455,  460,  464,  465,  468, 
471,472,474-485,495-498 

ion  optics  used  with,  466-470 
microwave  plasmas  and,  485 
orthogonal  geometry,  473-491 
principles  of  operation,  448 
reflectron,  452,  453 
resolution  of,  453 
space  focusing  in,  449-451 
time-lag  focusing  in,  452 
transient  signal  analysis,  481-485,502 

Trans~ssion efficiency,  301 

Vacuum  spark,  32 

Work  function,  3-8,  20,  182 

Yield 
ion,  184,  185, 188 
sputter, 38, 174-178 




