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ABSTRACT 

This woriv describes the constmction of an inductively-coupled plasma tandem 

quadaipole mass spectrometer where a quadrupole ion storage trap acts as a second 

sector and collision cell to achieve neutralization or collisional dissociation of interfering 

species before mass analysis. 

Because most elements exist as singly-charged ions in an inductively-coupled 

plasma (ICP) plume, the ICP can be used as an ionization source for mass analysis 

(ICP/MS) By reducing the sample to elemental ions before mass analysis, ICP/MS 

spectra tend to be simple compared with those obtained by ICP-optical emission 

spectrometry (ICP-OES) where elements may have hundreds to thousands of emission 

lines and spectral overlaps can be severe. This is especially troublesome in the analysis of 

rare earth elements which have the largest numbers of active emission lines when excited 

in an ICP. In addition, detection limits by ICP/MS are often up to 3 orders of magnitude 

lower than by ICP-OES. 

ICP/MS analysis is not immune from isobaric and isotopic interferences or 

matrix effects. For most analyses, an acid digestion precedes aspiration as an aqueous 

solution into an argon plasma gas. This can lead to large amounts of Ar", Ari", ArO". 

N2 , SH', SO", NOH", ArH*, ArOH*, ArCf, CIO', ArS", etc., which may interfere to 

varymg degrees with analytes of interest. Oxides, argides and hydrides of matrix ions or 

other analytes may also form and interfere. These same processes can also split peak 

areas between the atomic form of an analyte and the molecular. In isotope ratio studies 
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where precise measurements on more than one isotope per analyte are needed, these 

effects may be compounded. 

Isobaric interferences normally require high resolution mass analysis to resolve 

if they cannot be separated prior to sample introduction. However, the interface between 

a high vacuum, high resolution sector or ion cyclotron resonance mass spectrometer and 

an atmospheric pressure plasma is non-trivial and such instruments are expensive The 

focus of this work is new approach which uses a collision cell where weakly-bound 

molecular species can be dissociated and ions with relatively high electron affinities, such 

as Ar", can be neutralized through charge exchange reactions. 
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CHAPTER 1 

INTRODUCTION 

An inductively-coupled argon plasma (ICAP or ICP) is an instrument by 

which gas phase, high temperature ions, atoms and certain small molecules may be 

formed from numerous kinds of samples supplied through various sample introduction 

techniques. The ICP produces a partially ionized gas plasma plume in a quartz sample 

and plasma gas introduction system through the application of high power radio 

frequency (RF) energy coupled inductively into the plasma. The processes involved in 

atomizing and ionizing the sample and support gas streams leaves many of the atoms and 

ions in excited states which may then relax to emit photons with wavelengths 

characteristic of those species and their excited states. In ICP-atomic emission 

spectroscopy (ICP-AES) the light emission from these species is monitored. 

Because most elements exist predominately as singly-charged ions in the ICP 

plume, the ICP can also be used as a sample introduction and ionization method for mass 

analysis (ICP/MS). ICP/MS spectra tend to be much simpler than ICP-AES spectra 

where elements can produce hundreds to thousands of emission lines but only have a few 

naturally occurring isotopes to produce peaks in a mass spectrum. The large number of 

emission lines can be especially troublesome in analyses of samples containing rare earth 

elements where the many lines from each element can result in severe spectral overlaps 

By reducing the sample to elemental ions before mass analysis, spectra produced by 

ICP/MS also tend to be simple compared with traditional molecular mass spectrometry 
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ICP/MS and ICP-AES provide no structural information about an analyte because of the 

atomization of the sample, however, isotopic abundance information and extremely low 

detection limits make ICP/MS very attractive for a number of difficult or otherwise 

impossible analyses. 

ICP/MS is not entirely immune from isotopic interferences or matrix effects 

For most analyses, an acid digestion precedes aspiration as an aqueous solution into an 

argon plasma gas leading to large amounts of Ar', Arj", ArO", CO2 . CO", N". N2 , SH', 

SO", NOH", ArH*, ArOH", ArCl", CIO", ArS", etc., which may interfere to varying 

degrees with analyte species of interest (Houk 1986; Tan and Horlick 1986; Gray 1989; 

Jarvis e/ al. 1992). Oxides, argides and hydrides of one analyte may form and interfere 

with another. These same processes may also split peak areas between the atomic form 

of an analyte and a molecular or multiply charged form. Isotope ratio measurements are 

more vulnerable to interferences as multiple masses must be measured for a single 

element of interest. These interferences are pronounced enough that extensive tables and 

computer reference libraries have been created to aid in their identification (Douglas and 

Houk 1985; Vaughan and Horlick 1986, 1987). Alternate and mixed gas plasmas have 

also been investigated to eliminate or reduce spectral interferences (Montaser and Van 

Hoven 1987; Ohls e/ al. 1987). Helium has been used as an alternative gas (Montaser et 

al. 1987; Nam et al 1993). The use of helium eliminates argide interferences, however, 

the higher ionization potential of helium leads to lower electron densities and plasma 

temperatures. Secondary discharges between the plasma and the mass spectrometer 
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interface are also very strong (Koppenaal and Quinton 1988a, 1988b) Argon-xenon 

plasmas have also been tested but while reducing many polyatomic interferences, were 

found to suppress ionization of elements such as arsenic and selenium (Smith et al 

1991). 

Isobaric interferences normally require high resolution mass analysis to resolve 

if they cannot be separated prior to sample introduction to the m.ass spectrometer 

However, the interface between a high vacuum, high resolution sector or ion cyclotron 

resonance mass spectrometer and an atmospheric pressure plasma is non-trivial and the 

mass analyzers in such instruments are expensive. The focus of this work is new 

approach which uses a quadrupole ion storage trap as a collision cell where weakly-

bound molecular species can be dissociated and ions with relatively high electron 

affinities, such as Ar*, can be neutralized through charge exchange reactions. 

Historical Perspective 

The initial development of mass spectrometry came as a result of 

investigations of "cathode" and "canal rays" in Crookes tubes and enabled some of the 

most fundamental discoveries in atomic physics. This progress began in 1855 with the 

popularity and curiosity of Heinrich Geissler's low pressure gas plasma discharge tubes 

made possible by his invention of a vacuum pump efficient enough to reach the required 

low pressures. Julius Plticker showed in 1858 that the luminous plasma discharge would 

bend under the influence of a magnetic field and in 1865 found that at even lower 

pressures, the plasma discharge would give way to a luminous glow on the inside walls 
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of the plasma tube and that this glow could also be influenced with a magnetic field In 

1876, Eugen Goldstein showed that the radiation in a vacuum tube produced when an 

electric current is passed through the tube originates at the cathode and introduced the 

term cathode ray to describe the effect as it was thought the radiation was wavelike in 

origin, Goldstein later discovered "Kanalstrahlen" (canal rays) in 1886 when using a 

perforated cathode in a low pressure gas discharge. Luminous streamers could be seen in 

the field-free region behind the cathode in line with the perforations The first true mass 

spectrometric measurement was performed by J.J. Thompson (1897) when he proposed 

t h e  e l e c t r o n  t o  b e  a  s u b a t o m i c  p a r t i c l e  a n d  a s s i g n e d  a  v a l u e  f o r  i t s  m a s s  t o  c h a r g e  ( m / z )  

ratio. Thompson measured this ratio by accelerating a beam of electrons through crossed 

electric and magnetic fields oriented perpendicular to the electron path and adjusted the 

fields until no deflection was observed in the beam. 

The first dispersive mass analyzer for inorganic samples was Thompson s 

"positive-ray parabola" instrument which sampled ions fi"om a gaseous glow discharge 

and with which he discovered two of the isotopes of neon (Thompson 1913) This 

discovery was significant in that it was the first experimental evidence that elements 

could exist in isotopic forms. In this apparatus, the electric and magnetic fields of the 

analyzer are parallel and coterminous instead of crossed. Ions exit the field region and 

impact a photographic plate resulting in an exposed image that appears as a parabola 

when developed. Ions with different miz ratios produced different parabolas and these 

were obtained for various elements by introducing them as gases into the electrical 
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discharge The parabola instrument had low resolving power and in an effort to improve 

resolution one of Thompson's students, F.W Aston, developed an instrument that 

focused the rays as it separated them (Aston 1919, 1920). In this instrument, an initial 

pair of slits was used for direction focusing to select and collimate a portion of the ions 

fi-om the glow discharge source. An electrostatic region served to focus ions of various 

velocities into the magnetic sector such that all ions of a given mtz ratio would exit at the 

same point to impact a photographic plate used for detection. Aston borrowed from the 

spectroscopic community when he coined the term "mass spectrograph" to describe this 

instrument. His arrangement compensated for the wide range of energies imparted to 

ions in a glow discharge and allowed resolving powers {ml A/w) of approximately 130 

With this instrument Aston was able to detect a much rarer form of neon, ^'Ne, but 

photographic detection limited the ability to accurately perform isotopic abundance 

measurements. Aston proposed the 'whole number rule' to describe the fact that all of 

the elements he had studied had masses that were, to a very close approximation, 

integrally related. At approximately the same time, A.J Dempster (1918) was 

approaching the problem of resolving power differently. Instead of velocity focusing ions 

for analysis, he used a monoenergetic (~ 0.2 eV energy spread) surface ionization ion 

source and a 180° magnetic sector which has the attribute of directional focusing. This 

was a scanning instrument where the ion acceleration voltage was scanned to bring 

different mIz ions to focus on the detector entrance slits. Also different was the choice of 

a Faraday cup for the detection method. In contrast with photographic detection in 
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Aston's mass spectrograph, Dempster's mass "spectrometer" was capable of more 

accurate mass abundance determination. Dempster (1935) later refined spectrometer 

design to provide both direction and velocity focusing and in so doing allow for e\'en 

higher resolution and mass accuracy In 1815 Prout had advanced the theory that all 

elements were aggregations of hydrogen atoms but discoveries of non-integral atomic 

masses appeared to have disproved this. Thompson, Aston and Dempster's work 

showed that atoms of the same element could have different masses yet still remain 

chemically the same and explained how elements could have non-integral average atomic 

masses. 

Glow discharge MS (GD-MS) is perhaps the oldest form of inorganic mass 

analysis beginning with the glow discharge used as the ion source for Thompson s 

"positive-ray parabola" and variations of these devices were used as the principal source 

of positive ions for the first forty years of mass spectrometric investigations (Duckworth 

et al. 1986). In general, glow discharge ion sources use a simple two-electrode 

configuration in a rare gas environment of 0.1-10.0 torr. Application of a sufficiently 

high potential across the electrodes causes gas breakdown, sample sputtering, and 

liberation of electrons and ions. However, because the source was originally well inside 

the mass analyzer vacuum system and was therefore at relatively low pressure, voltages 

in early glow discharges were high (20,000-50,000 V) and conditions unsteady Ions 

from these discharges had wide ranges of energies and degrees of ionization and required 

the use of double or velocity focusing sector spectrometers. GD-MS was very popular as 



a measurement technique through the I930's but was displaced by advances in atomic 

absorption spectroscopy. More recent glow discharge sources operate at higher 

pressures and therefore can be operated at lower voltages, hundreds of volts, to 

minimize energy spreads and limit multiply charged species. Ion energies and energy 

spreads are such that quadrupole mass analyzers may used Sources of various 

configurations have been adapted to numerous solid sample types, both conducting and 

non-conducting, and are very capable of providing ions for quality mass spectra 

(Harrison et al. 1986; Harrison 1988) and non-conducting samples may have a glow 

established by using an alternating potential and current (AC). The potential drawbacks 

to modem GD-MS are that it is essentially a surface technique and the sample itself must 

still be introduced into a low pressure region of the spectrometer before the analysis may 

proceed. The plasma discharge current may be controlled to erode quickly into regions 

below the surface of a sample (lO's of ng*s"') or reduced to provide surface 

compositional information. Sample uptake rate is small with this technique and sample 

inhomogeneity may also affect the results. GD sources have difficulty with liquid samples 

and these are generally introduced with a technique similar to that used with graphite 

furnace atomic absorption spectroscopy where the sample is deposited in a glassy carbon 

cell for volatilization and atomization prior to establishing the glow discharge. This 

approach concentrates the sample and parts-per-billion (ppb) detection limits have been 

observed but the single-shot nature of the analysis limits precision to approximately 10% 



With advances in source design, GD-MS is experiencing renewed interest for some 

applications and a commercial instrument is available. 

The most successful ion source for analytical inorganic mass spectrometry of 

solids was the RF spark discharge (see Ramendik el al. 1988). The RF vacuum spark 

was originally developed by Dempster (1935, 1936) for the analysis of solid samples and 

was based on earlier work on vacuum vibrator discharges by Fabry and Perot and 

condenser discharges by Millikan et al. (1921). In the RF vacuum spark, energy from a 

high frequency oscillator is inductively coupled through a high voltage transformer into 

the sample as a high voltage spark discharge of approximately 50,000 V Spark 

discharges typically occur at 50-500 Hz with a duration of 50-100 (is. In the RF spark, 

extremely high local temperatures volatilize sample material which is then ionized in the 

discharge. Samples need not be conducting as non-conducting samples may be crushed 

and mixed with conducting powders or packed into conducting tubes to form electrodes 

The RF spark is a very powerful sampling and ionization technique and is capable of 

producing ions from all elements present in the electrodes and or any surrounding gas 

Discrimination between elements is minimal with sensitivities for 2/3 of the elements 

within a factor of ~3 while all of the elements fall in a range of sensitivity of -10 

(Duckworth et al. 1986; Brown 1968) with limits of detection in the part per billion 

(ppb) range (Swift 1968). However, because of very non-uniform energy transfer to the 

sample, many molecular and multiply charged species are produced in the RF spark and 

ions are created with an energy spread that may exceed 2000 eV (Woolston and Honig 
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1964, Swift 1968). In the RF spark, silicon clusters may be especially troublesome and 

interfere with the analysis of 16 important elements (Swift 1968). Added species 

complicate spectra, require skilled interpretation and decrease sample throughput while 

the wide range of energies imparted to the ions requires the use of double focusing 

instruments. Spark source mass spectrometry was generally carried out using sector 

mass spectrographs with photographic detection as the transient nature of the RJF spark 

source is not suited to scanning instruments. Because the sample must be placed into the 

vacuum chamber and the sample chamber evacuated to suitable pressure prior to 

sparking, time between analyses was typically 10 minutes (Swift 1968) The RP spark 

discharge is not generally applicable to liquid samples without time consuming drying 

and deposition steps though detection limits in the 10'" to 10"'^ g/ml concentration range 

may be achieved with proper procedures (Browm 1968). 

Other ion sources for inorganic sample mass analysis have been devised with 

varying degrees of success and with different areas of application. Plasma sources 

include the vacuum arc, the oscillating electron plasma and the duoplasmatron These are 

very high efficiency and high current sources originally developed to supply particle 

accelerators and isotope separators (Tuve et al 1935; Lamar et al. 1935, Thonemann 

1953; Finkelstein 1940; Nielsen 1957) though these have also been occasionally adapted 

to analytical mass analysis (Burhop et al. 1949) These sources are either tailored for 

gaseous sample introduction or sample is vaporized and ionized in the source 
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In roughly parallel development, flame atomic emission spectroscopy was 

pioneered by Kirchhoff and Bunsen as a qualitative analytical technique with their 

discoveries of cesium in mineral water in 1860 and rubidium in lepidolite in 1861 using a 

light dispersing "spectroscope." Kirchhoff and Bunsen also discovered thallium, indium 

and gallium spectroscopically and showed that each element, when heated to 

incandescence, produced a characteristic pattern of emission lines Kirchhoff explained 

Fraunhofer's dark lines in the spectrum of the sun by concluding that dark line spectra of 

elements were obtained when light was passed through a gas containing these elements 

and that the dark lines correspond to the wavelengths of emission in incandescent 

elements. Malinowski measured the absorbance of mercury as a function of 

concentration in 1912 in the first quantitative atomic absorption spectroscopy (AAS) 

experiment and Paschen developed the hollow cathode lamp (HCL) in 1914 for atomic 

emission studies though the HCL would later become the primary source for AAS 

Walsh (1955), and Alkemade and Milatz (1955) proposed and demonstrated flame AAS 

using an HCL source. From these beginnings, atomic emission and atomic absorption 

spectroscopies grew and a flame atomic emission spectrograph was offered commercially 

in the mid-1930s while flame atomic absorption was not commercialized until 1959 

(Ingle and Crouch 1988). In efforts to find more energetic sources able to digest and 

excite more difficult samples during the 1930s and 1940s, arc and spark discharges were 

investigated. Though powerful, these sources and their variations also had certain 

drawbacks Arcs tend to wander reducing precision while the relative coolness of the arc 



sheath allows for line self-absorption. Molecular species such as cyanogen (CN) form 

from carbon electrode material and atmospheric nitrogen and can render the emission 

region between 360 and 420 nm unusable for analytical work Both sparks and arcs also 

suffer from matrix effects. In the arc, easily ionized elements can significantly raise 

electron densities and thus reduce arc temperatures Difficult to ionize materials will 

lower electron density and increase arc temperatures. Though the spark is a higher 

current discharge (500-2000 A) which assists in volatilizing and exciting more elements 

more uniformly than the arc, the spark also suffers from matrix effects and modifies the 

surface being sampled during the experiment. To minimize this effect, spark sources 

generally prespark or prebum a sample for 1-2 minutes to reach a reproducible point in 

the sampling process. Arc and spark sources are also more amenable to solid samples 

though liquids have been nebulized into the discharge region or dried onto electrodes as 

with the spark sources used in MS. Emission spectroscopists were still seeking a source 

that could fUlly atomize a sample and excite it to emission in an inert environment while 

minimizing sample matrix effects. 

The vortex-stabilized ICP was pioneered by Reed in the early 1960s to grow 

highly purified crystals (Reed 1961; Reed 1962) and first studied as an atomic emission 

source concurrently by Fassel and coworkers in the United States (Wendt and Fassel 

1965 and 1966; Bamett and Fassel 1968) and Greenfield and coworkers in England 

(Greenfield et al. 1964; Greenfield 1965; Greenfield el al 1968). The ICP provided a 

number of advantages over flame atomic absorption spectroscopy (AAS) and atomic 
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emission (AE) techniques No element line sources are needed as with typical absorption 

techniques, the higher temperatures in the ICP lead to more complete volatilization and 

atomization of the sample, and the noble gas environment tends to prevent 

recombination of analyte species with fLiel, oxidizer, or the many reactive species present 

in flames. In an Analytical Chemistry REPORT, Fassel and Kniseley (1974) compared 

detection limits for many elements and showed that in most cases, the ICP had better or 

much better limits of detection than flame AAS and AE. Flame atomic fluorescence 

spectrometry (AFS) had lower limits of detection for a number of elements, but the 

opportunity for simultaneous detection provided by emission techniques allowed for 

multielement analysis at higher sample throughput. The ICP as an emission source 

provided linear working ranges of up to 5 orders of magnitude while the absorption 

methods were restricted in dynamic range to about 3 orders of magnitude. Interest was 

slow to grow at first while AAS dominated atomic analysis, but the advantages of ICP-

AES finally led to the first commercially-offered instrument in 1974. 

Problems with complex emission spectra of rare earth elements and difficulties 

in volatilizing and ionizing inorganic samples using other ionization techniques led 

researchers to look at the ICP as an alternative ion source for mass spectrometry 

Requirements for such a source are that the sample be essentially completely volatilized, 

atomized and preferably left in a single charge state when introduced to the mass 

spectrometer. The solution to most of these requirements lay in the energy transfer to the 

sample. More efficient volatilization and atomization naturally leads to more uniform 
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ionization, ion energies and a reduction in molecular species through longer digestion 

times at high temperature. Studies of the atmospheric pressure ICP had found 

temperatures to be around 5000 K or more with dwell times of a few milliseconds 

allowing for very efficient energy transfer to the sample. Aspiration of solutions as a 

liquid was simple and fast allowing for high sample throughput. Spectral studies had also 

already shown that most elements were present in an ICP as ions with the highest 

sensitivities generally attained from the use of ion emission lines. 

Continuous extraction of ions from a high-temperature atmospheric pressure 

direct-current plasma (DCP) was first reported in 1974 (Gray 1974, 1975) A DCP is an 

atmospheric electrical discharge, typically in argon, between two or three electrodes 

generally used as an atomic emission source. The most common form of the DCP places 

the electrodes in an inverted "Y" and uses a tungsten cathode with twin graphite anodes 

A high-velocity argon jet cools the anode holders and constricts the plasma discharge 

thus raising temperatures in the arc. Sample solutions are nebulized and introduced to 

the plasma vertically into the branch of the Y. The plasma tailflame was sampled through 

a single 70 |im aperture and analyzed with a quadrupole mass spectrometer This system 

produced acceptable mass spectra with very low background and isotope ratio 

measurements to 0.5% precision were demonstrated (Gray 1978). However, elements 

with ionization potentials (IP) above 9 eV showed low degrees of ionization, and thus 

low sensitivity, and the system response was found to be heavily dependent on solution 

concentration while exhibiting severe matrix effects. The low response of elements with 
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IPs above 9 eV was attributed to low gas temperatures experienced by the samples and 

the formation of large numbers of NO' molecular ions through charge exchange with 

molecular NO which has an IP of 9.4 eV 

Based on these encouraging results, efforts were undertaken to utilize an ICP 

as the ion source for mass analysis with success first reported in 1980 (Houk et al. 1980) 

using the same small-diameter single aperture sampling method of admiicing the plasma 

directly into the vacuum system. Problems with a boundary layer of cool gas (Houk et al 

1980; Gray 1982) which allowed molecular ions to reform led to the adaptation of 

molecular beam techniques and the use of separate sampling and skimming cones at the 

plasma interface with enlarged apertures to eliminate the boundary layer (Date and Gray 

1983). Also in 1983, two commercial ICP/MS instruments were introduced - the 

PlasmaQuad (VG Isotopes Ltd., East Sussex, UK, now VG Elemental, Winsford, 

Cheshire UK) and the Sciex Elan (now marketed by Perkin Elmer Corp , Norwalk, CT) 

Inductively-Coupled Plasma 

The inductively-coupled plasma, as used in AES and ICP/MS consists of a set 

of three concentric quartz tubes surrounded by an induction coil (Figure 1) The 

induction coil is connected to a high power, 1 to 2.5 kW RF generator which operates 

typically at a frequency of 27 MHz. An inert gas, usually argon, is passed through the 

tubes The outer annulus receives argon tangentially at a relatively high flow rate of 

around 5-15 L/min. This plasma or coolant gas flow serves to stabilize the plasma and 

cool the outer quartz tube The innermost tube passes the sample vapor at a much lower 
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Figure 1. Inductively-Coupled Plasma Torch. 



flow rate of about 0.3-1.5 L/min., while an auxiliary argon flow of 0 to 2 L/min passes 

between the sample and plasma gas flows and is used to lift the plasma away from the 

glass ends of the interior torch pieces or to modify certain characteristics of the plasma 

When Rf power is first applied, no plasma is present and there are no ions or 

electrons to be acted upon. The plasma is not self starting. To initiate a plasma, a spark 

from a tesla coil seeds electrons and ions in the torch volume. Under the influence of the 

applied RF field, free ions and electrons are accelerated and rapidly gain kinetic energy 

Collisions with neutral support gas atoms strip electrons from the neutrals providing 

more ions and electrons in a cascade which results in the famihar luminous ICP plasma 

plume. The entire process of initiating and forming a self-sustaining plasma occurs in 

milliseconds. 

Sample introduction to the ICP is in the form of vapor. This vapor can be 

produced through conventional nebulization of solutions or though laser ablation or 

spark discharge against a solid sample. With solutions, the analyte is accompanied by 

large amounts of solvent that must be vaporized before the analyte itself may be 

atomized and ionized. Volatilized solvent contributes to the volume of sample gas flow 

and reduces the amount of time the sample dwells in the plasma center channel Large 

droplets can cool or quench the plasma leading to erratic performance and the solvent 

itself can be a source of atoms and ions that may interfere with an analysis by providing 

reactive species to form oxides, sulfides, hydrides, etc. Methods have been developed to 

minimize these effects. Large sample droplets are removed from the sample stream 



through the use of tortuous path baffling or impact beads and excess solvent vapor is 

sometimes removed by condensers. Heating of the sample vapor before it passes by 

condensers assists in desolvating the sample molecules and atoms and makes the use of 

condensers more effective. 

Mass Analyzers 

Any mass spectrometer may be thought of as an assembly of three basic 

components. An ion source is needed to prepare and ionize the sample, a mass analyzer 

stage is required that separates the various miz ratio ions in space or time, or acts as a 

band pass filter, and a detector of some sort is required to quantify the ion abundances 

Though the first mass analysis was obtained with crossed electric and magnetic fields, 

most analyses subsequent to that and through the maturity of mass spectrometry in the 

1950s and 1960s were performed with magnetic sectors of various designs. A number of 

other analyzers have also been developed and each has unique capabilities and 

limitations. Unfortunately, no analyzer meets all requirements for all analyses perfectly 

and analyzer choice has a tremendous effect on the information that may be acquired 

from an experiment and on the ease in doing so. Although the instrument discussed in 

this dissertation is based the linear quadrupole and the quadrupole ion storage trap, a 

discussion comparing the most common mass analyzers in use today is included for 
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The Magtietic Sector 

As a particle of charge (<70) moves with velocity (v)  through a uniform 

magnetic field of strength (B) oriented perpendicular to the direction of travel, a force 

(F) will be exerted on the particle in a direction orthogonal to both the magnetic field 

and to the direction of travel; 

F = (7„v X B (11) 

This force will serve to deflect the ion fi'om its original trajectory. As each particle has 

mass (m), this force will result in a centripetal acceleration in which particles of the same 

velocity and charge, but different mass, will have a radius of curvature (/•) proportional 

to the particle mass. 

Therefore, due to the unique radius of curvature for each mass, particles are resolved 

spatially in a magnetic sector (Figure 2). Equating 1.1 and 1.2 and rearranging shows, 

however, that a magnetic sector actually resolves based on momentum and not strictly by 

ion mass: 

=  m v  ( 1 4 )  

As ions of are accelerated out of an ion source by a potential difference (0, 

they receive an amount of kinetic energy {KE) equal to qaV: 



m, 

Figure 2 The Magnetic Sector Mass Analyzer 
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KE = q,y = f"^}^ ( 1 5 )  

Substituting for v and solving for the mass to charge ratio m/qo gives; 

m B'r' 
—  =  1 6 )  
^0 3r 

As a result, the maximum achievable resolution in a magnetic sector analyzer will be a 

function of the ion beam velocity distribution which will depend on the accelerating 

potential There is almost always a lack of uniformity of ion energies from any source 

because the accelerating potential experienced by an ion depends on where in the source 

the ion was formed and with some sources this variation may be extreme This either 

restricts the types of sources that may be used with magnetic sector analyzers or requires 

the use of auxiliary velocity focusing methods such as a preliminary electric sector or a 

Wien velocity filter to attain the highest resolution. 

The Electric Sector 

The electric sector, also called an electrostatic sector analyzer, acts as a band 

pass filter for ions of a selected kinetic energy and consists of a pair of cylindrically-

curved, charged plates through which the ion beam passes as it travels to the magnetic 

sector (Figure 3) A uniform radial electric field (E) is set up between the plates which 

exerts a force (F) and accelerates the ions toward the inner plate forcing the ion beam to 

curve as it passes through the sector; 

F = ̂ oE (17) 

This force causes the ions to undergo a mass dependent centripetal acceleration; 
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Figure 3 The Electrostatic Sector Kinetic Energy Analyzer 
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F = '"vV (18) 

Or, on equating equations 1.7 and 1.8 and rearranging, it can be seen that the electric 

sector spreads ions of different kinetic energies out along different radii through the 

sector Therefore ions of the same mass and charge are separated according to their 

kinetic energy: 

( 1 9 )  

Within limits, as narrow of a kinetic energy range as desired may be selected at the 

expense of ion current by the width of the ion exit aperture. Ions with precisely defined 

energies may be separated with very high resolution in a magnetic sector and double-

focusing instruments with resolving powers of 150,000 are available commercially while 

resolutions of 20,000-50,000 are more common (Ramendik et al. 1988). With high 

resolving power comes the ability to resolve isobaric interferences between polyatomic 

isobars or atomic isotopic interferences. High resolution is also necessary, though not 

sufficient, for exact mass measurements. Aston (1927) used such high resolution 

double-focusing instruments to systematically investigate the mass "defects" of the 

isotopes of the elements and invented the term 'packing fraction' to describe the 

deviation from whole number mass values: 

,. - atomic mass - mass number , ^ 
packing fraction = (19) 

mass number 

In sector instruments, ions must travel distances generally measured in meters 

which requires low vacuum pressures to minimize ion loss and scattering processes 
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Collisions with neutral atoms and molecules alter ion energy and direction which 

degrades resolution. Though not a serious impediment to using sector instruments as 

mass analyzers for atmospheric pressure plasma discharges, the necessity for high 

vacuum does require differential pumping with large capacity pumps Sector instruments 

also tend to be comparatively large and expensive. 

The Time of Flight Mass Spectrometer 

The time of flight (TOF) mass spectrometer (Figure 4) is based on principles 

developed by Stevens (1946) and Cameron and Eggers (1948). This analyzer accelerates 

a packet of ions to some kinetic energy by application of an extraction voltage (O to a 

grid or slit at the ion source and measures the amount of time required for the ions to 

traverse a field-fi-ee region. As the ions are all accelerated to the same kinetic energy 

(^oO. 'ons of different mass will drift at different velocities. Rearranging Eq. 1.5 

v =  ( 1  1 0 )  
V m 

Light ions will achieve the highest velocities and reach the detector before the slower, 

heavier ions and the time required is inversely proportional to the square root of the ion 

mass. The original packet of ions is separated into groups of ions with like m/z ratios 

which sequentially impact the detector. Mass calibration is performed by timing the 

arrival of two or more peaks of known mass at the detector to set up the mass axis time 

scale. For TOF mass analyzers, the time (in microseconds) required for an ion packet to 

traverse the flight tube of length (Z., in centimeters) is given by: 
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Figure 4 The Time of Flight Mass Analyzer 
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t = L. 

Flight times are short and complete spectra may be acquired at a rate of 

^10,000 per second. This suits TOF analyzers particularly well to high speed reaction 

monitoring and to pulsed experiments or ion sources such as flash photolysis, 

multiphoton ionization, and Califomium-252 plasma desorption where data acquisition 

may be precisely synchronized and experiments may be performed at high repetition rate 

Early time of flight analyzers were limited in mass resolution by the speed of the 

electronics used to record the arrival of ions at the detector. With advances in high-speed 

electronics, resolution is most often limited by spatial and velocity inhomogeneities. For 

a specific packet of like m/z ions, time differences between the first and last ion reaching 

the detector are due to differences in initial position in the source (and thus accelerating 

potential) and thermally-induced velocities. Space charge effects will also work to diffuse 

the ion packets in space and thus in time Time of flight instruments require the same 

high vacuum environment as sector instruments to keep mean free paths long and 

minimize collisions with neutral molecules that scatter an ion packet, contribute to noise, 

and degrade resolution. Though the time of flight analyzer can scan the mass spectrum 

rapidly, vacuum requirements and lack of advantages over other mass analyzers for 

sampling continuous-feed plasma discharges will most likely limit its application in this 

area of interest. 
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The Fourier Transform Mass Spectrometer 

The Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR or 

FT-MS) differs from the mass analyzers previously discussed in that in typical 

applications all ions are introduced to the analyzer simultaneously and generally do not 

leave the cell until the mass analysis has been completed. This analyzer is based on the 

property of charged particles moving in circular orbits when under the influence of a 

magnetic field similar to the way that ions are forced into curved paths by the centripetal 

acceleration in the magnetic sectors of sector mass spectrometers. The frequency of 

oscillation or cyclotron frequency {co^) for a charged particle in a magnetic field is given 

by: 

= v'/r = V (112) 

or in the form of angular velocity: 

The principles of FT-MS are derived from the ion cyclotron resonance mass analyzer 

(ICR-MS) where RF energy of the frequency of ion circulation is used to excite ions of a 

particular miz ratio into progressively larger orbits. Ion detection was accomplished 

when ions would strike an electrode surface and contribute to a current or the energy 

absorption from the applied field was monitored with a special oscillator circuit This 

form of mass analysis is descended from the cyclotron first made operational by Ernest 

0 Lawrence (1930). The goal of Lawrence's work was to provide a high energy beam 
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of ions for atom smashing experiments, but the basic operation is the same in thai 

excitation of ions in a magnetic field with RP energy tuned to the ion cyclotron 

frequency causes the ions to gain energy and expand in orbit until exiting the chamber A 

later instrument, developed for mass analysis, was the Omegatron of Hippie, Sommer 

and Thomas (1948). 

However, in FT-MS, as first described by Comisarow and Marshall (1974) 

(Figure 5), rather than monitor energy loss or ion neutralization currents, charged ion 

packets circulating inside the ICR cell induce image currents in the plates that make up 

the ICR cell. In an FT-MS experiment, ions are introduced to the ICR cell or created in 

place through the action of an electron beam or other ionization method. Ions in the cell 

are constrained by the applied magnetic field to move in small circular orbits that result 

fi-om their initial random thermal motions. Small DC potentials are applied to the walls of 

the ICR cell perpendicular to the applied magnetic field to keep the ions trapped near the 

cell center. A radio fi-equency sweep is applied to opposite plates of the cell and excites 

the ions to larger, coherent cyclotron orbits. Ions of the same miz ratio coalesce into 

packets of ions which orbit together in the cell. As each circulating packet is a flow of 

electrical charge, each contributes to an image current that oscillates at the same 

fi-equency as the packet. The oscillations fi^om all circulating packets are superimposed 

and thus produce a complex time domain waveform. The image current signal is then 

observed fi-om milliseconds to seconds and a Fourier transform performed on the time 

domain data yields a fi-equency spectrum where each fi"equency is the cyclotron 
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frequency for a packet of ions. Mass values are then easily calculated from the frequency 

data. As can be seen from Equations 1.12 and 1.13, the cyclotron frequency is 

proportional to magnetic field strength and inversely proportional to ion miz. Being an 

FT technique, more oscillations observed provides more exact information about the 

frequency of those oscillations. There are practical upper limits to the amount of time for 

which a signal may be observed, however. Ion packets will tend to broaden under the 

influence of their own internal space charge repulsion and other ion packets also 

contribute to this effect. In addition, collisions with background gas molecules tend to 

scatter ion packets. These effects cause the image current signal to decay much like the 

free induction decay seen in nuclear magnetic resonance experiments. FT-MS therefore 

requires high vacuum or excessive numbers of collisions will de-phase and scatter 

orbiting ion packets reducing resolution. Dynamic range is also limited as high numbers 

of ions lead to more severe space charge de-phasing and there are practical minimums to 

the number of ions necessary to give an adequate signal. 

One of the major advantages of FT-MS is the high resolution and mass 

accuracy possible from the technique. Spectrometers are available commercially with 

resolving powers of 2.0 x 10® and better making FT-MS the highest resolution mass 

spectroscopic technique currently available. FT-MS also has the capability of performing 

MS" experiments where a particular mIz ion may be selected by preferentially exciting 

through the application of tailored waveforms all others to orbits which are greater than 

the dimensions of the trap causing them to collide with the walls and be neutralized. The 



remaining ions may be excited into higher orbits to cause ion/molecule collisions which 

induce further fragmentation. The resulting fragments may then be mass analyzed in the 

conventional manner for this analyzer. The processes of selection and collision may be 

repeated a number of times as an aid to determine molecular structures. 

The Linear Ouadnipole and Quadrnpole Ion Storage Trap 

The linear quadrupole mass filter is one of the most common forms of mass 

analyzer in use today and it and the quadrupole ion trap are the mass analyzing devices 

used in the instrument which is the subject of this dissertation. Both were developed by 

Wolfgang Paul et al. (Paul and Raether 1955; Paul and Steinwedel 1953, 1958, 1960, 

Paul, Reinhard and von Zahn 1958). Courant et al. (1952) showed that alternating 

quadrupolar magnetic fields could be used to focus high energy proton beams and 

Blewett (1953) published work showing that quadrupolar electrostatic fields could also 

be used to focus ions. Paul's group described the quadrupole ion trap as a three-

dimensional version of the quadrupole mass filter (Paul and Steinwedel 1953, 1956, 

1960) - another electrode geometry of the linear quadrupole. It has been reported (Todd 

1989) that others (R.F Post and L. Heinrich; M.L. Good) also proposed and 

demonstrated linear quadrupole and quadrupole ion trap devices independently and at 

the same time as the work of Paul, but that these workers did not publicly publish their 

results. 

The linear quadrupole mass spectrometer fijnctions more as a tunable filter 

than a spectrometer by allowing only ions of a certain m z range to pass while ejecting 
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others from the beam where they strike the rods and are neutralized. This analyzer is 

composed of four parallel rods with either circular or the preferred hyperbolic cross 

section (Figure 6). If circular rods are used, their spacing is adjusted so as to produce an 

approximately hyperbolic electric field. Time varying voltages comprised of DC 

component and a sinusoidal AC component are applied to the rods In general, the 

magnitude of the AC potential is approximately six times that of the DC potential 

Opposite pairs of rods are connected together electrically and these pairs receive the 

positive and negative DC offsets with the AC potential superimposed. One set of rods is 

on average positive and the other negative, while on both the AC potential will reverse 

this relationship for a fraction of the time of each AC period. As ions pass through the 

linear quadrupole they take complex paths as influenced by the alternating electric fields 

imposed on the rods. Only those ions with the proper m.z ratio which describe stable 

paths are transmitted through this assembly. Ions which are lighter or have a lower m z 

ratio will gain energy from the AC field, become unstable in their trajectories and 

generally strike the positively-biased rods. Heavier ions because of their higher mass will 

not be as affected by the AC potential and will be drawn towards and strike the 

negatively biased rods. 

Other than the requirements for accurately machined surfaces and precise 

alignment, linear quadrupole mass filters are simple devices which, unlike all other mass 

analyzers discussed previously, are tolerant of relatively high operating pressures in the 

10'^ Torr range (McFadden 1973; Jarvis et al. 1992). The linear quadrupole mass filter 





does not separate ions based on momentum or energy like the sector instruments and is 

fairly tolerant of variations in entering ion energies. With no large magnets required, the 

linear quadrupole is a small and light mass filter which has seen use on spacecraft and 

satellites. Scanning of the linear quadrupole is a purely electronic exercise with 

essentially no reluctance to overcome as in scanning magnetic sectors This makes the 

quadrupole as agile as the transit time of ions through the device. Quadrupoles can be 

easily made to "peak hop" where the bandpass is quickly reset to new mass values 

thereby increasing the time spent on peaks of interest for better sensitivity 

The quadrupole ion storage trap, or Paul trap (Figure 7), stores and then 

ejects ions sequentially as the voltages applied to the device are scanned. Successive m z 

ion orbits become unstable and the ions exit the trap through the end caps where they 

can be detected with conventional electron multiplier detectors. Like the linear 

quadrupole, the ion trap can be used with positive or negative ions. As noted above, the 

ion trap has been known for as long as the linear quadrupole but it was not until 1984 

that the device was commercialized by George Stafford and co-workers at Finnigan 

Corporation as a unit mass resolution GC mass spectrometer detector (Syka 1995) The 

quadrupole ion trap possesses a number of unique attributes which make it an attractive 

device to enhance ICP-MS analyses. 

In normal operation, ions do not traverse an ion trap as with a linear 

quadrupole. Instead, ions are either created in place or injected into the trap from an 

external source (Nand Kishore and Ghosh 1979; Todd et al. 1980b, Mordehai and 
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Figure 7 Cutaway Section of the Finnigan ITMS Ion Trap Using Two Exit Endcaps 
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Henion 1993, Barinaga and Koppenaal 1994; McLuckey et al. 1989, 1994a, 1994b, 

Duckworth et al. 1994; Jonscher and Yates 1996) Once inside the trap, ions may be 

stored for spectroscopic observation (Neuhauser et al. 1978a, 1978b; Wineland et al. 

1983) or reacted with background gases (DeBrou et al. 1978; Armitage et al. 1980) 

Polyatomic ions may be translationally excited through the application of auxiliary 

electric fields and collisionally dissociated via impacts with background gases (Louris et 

al. 1987; Duckworth et al. 1994; Barinaga et al. 1996; Eiden et al. 1996), and finally 

ejected from the trap through a number of mass scanning modes unique to the ion trap 

(Bonner 1977; Fulford and March 1978; Fulford et al. 1980). Ion traps have also been 

used as ion stores and sources for other mass analysis techniques (Lawson et al. 1976, 

Qian and Lubman 1995). 

A major advantage of the ion trap arises from the trapping and storing nature 

of the device. A conventional linear quadrupole is a beam instrument and therefore 

suffers from duty cycle limitations. Unless the instrument is operated in an RP-only mode 

where all ions above a certain m z value are transmitted, at any moment a large fraction 

of ions are discarded and never reach a detector. The instrument must be scanned across 

the mass spectrum and the duty cycle for any particular mass is determined by the 

bandwidth of the mass filter, the scanning speed, and the mass range scanned. In the RF-

only mode, ions are not mass resolved. Efficiency will only approach 100% in RF-only 

mode or in the case of selected ion monitoring and falls off rapidly with the number of 

peaks as the device is rapidly adjusted from passing one m z ratio to another, reaching its 
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lowest value when the device is used in its most common spectral scanning mode The 

ion trap, however, may be used to collect all ions for a time period and then scanned to 

eject the ions in a mass scan. The duty cycle will rise in direct proportion to the amount 

of time spent acquiring and trapping the ions compared to the time spent scanning the 

ions out As the ions are all acquired simultaneously, any non-mass specific source 

intensity fluctuations will be reflected in the abundancea of all ions preserving the 

integrity of fragment or isotope ratios. 

There are constraints to this technique as the presence of ions in the trap 

(space charge) leads to distortions in the electric field within the trap (Fischer 1959) 

These field distortions cause mass peak shifts (March and Hughes 1991; Cleven et al. 

1994) and peak broadening. Coulombic repulsions between ions mimics a net positive 

DC offset in the ion trap which slightly shifts the mass instability scan line lower in the 

Mathieu stability diagram (Chapter 2) causing a delay in ion ejection and making ion 

masses appear at RP potentials greater than would normally eject the actual mass These 

magnitude of these effects has also been found to depend on ion polarizability (Bortolini 

et al. 1993). A bath gas of helium at approximately 1 mTorr is used in the ion trap to 

cool the ions and improve resolution (Stafford et al. 1984) but mass axis accuracy has 

also been found to depend on bath gas pressure inside the trap (Cleven et al. 1994) 

Calibration methods such as peak matching (Williams and Cooks 1992) and frequency 

matching have reduced some of these errors to levels <0.01%. Because coulombic 



52 

repulsion will affect light ions more than heavy ones, mass biases against light ions are 

also observed in these effects (Mather et al. 1978; Todd et al. 1980a) 

Space-charge effects have been countered through the addition and 

simultaneous storage of ions of charge opposite to the desired ions (Williams and Cooks 

1993). This was found to improve peak shape and resolution Other methods of reducing 

populations of analytically unimportant ions by selective ejection and thereby reducing 

space charge effects involve the use of auxiliary electric fields applied to the end cap 

electrodes of the device. Two popular methods involve stored waveform inverse Fourier 

transform (SWIFT) excitation (Chen et al. 1987; Guan and Marshall 1993; Julian and 

Cooks 1993; ) and filtered noise fields (FNF) (Kelley, P.E. 1992; Asano et al. 1995, 

Yates et al. 1995). The two techniques approach the selective ejection of unwanted ions 

in a similar manner. In the SWIFT technique a waveform is synthesized through the 

inverse Fourier transform of a collection of all ion ejection frequencies except those 

fi"equencies of the ion or ions which are to be isolated and trapped. In the application of 

filtered noise fields, a waveform already containing all waveforms to excite all possible 

ions in an ion trap is digitally filtered to remove the frequencies that would eject ions 

which are to be isolated and trapped. Both techniques result in a broadband fi-equency 

waveform with selected "windows" where no energy is present to eject certain m z ions 

while ejecting all others. SWIFT waveforms are of relatively short duration and last 

approximately 16 ms. Of this 16 ms, only about 12 ms of the signal is effective for ion 

ejection as the amplitude must be ramped up at the start of the pulse and down at the end 
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to avoid high frequency transients although muhiple pulses may be linked together 

SWIFT waveforms are more computationally intensive than FNF which may make FNF 

waveforms more attractive in applications where rapid switching between trapping 

frequency windows is desirable. These techniques along with others allow the selective 

isolation of parent molecular ions prior to collisional activation for further mass analysis. 

MS" scans, similar to the techniques available with ion cyclotron resonance mass 

spectrometers (Broadbelt and Cooks 1988; Charles ei al. 1992). 

The quadrupole ion trap, as originally developed by Finnigan Corp (San Jose, 

CA), was not meant as a high resolution instrument or one with extended mass range 

Since its introduction, a number of researchers have discovered and developed new 

scanning techniques and applications of auxiliary fields to enhance both the mass range 

and resolution of these devices. These will be discussed further in Chapter 2. 



54 

CHAPTER 2 

THEORY OF THE QUADRUPOLE MASS FILTER AND ION TRAP 

Nature of the Applied Field for the Linear Ouadrupole 

The magnitude of the potential at any point in a quadrupolar field may be 

expressed as a function of its position and for the Cartesian coordinates x. y, and r, the 

potential E is given by: 

ay+ y:) (2 1) 

where EQ is a position-independent value for the applied potential and X, a, and y are 

position-dependent weighting factors for the x, y, and z coordinate positions respectively 

By separating the three dimensions and coordinates, the motions of charged particles in 

each dimension may be examined separately. Laplace's equation states that 

=0 (2.2)  

therefore 

A + (7 + y = 0 (2 3) 

As any potentials applied to the rods are orthogonal to the overall direction an ion takes 

through the quadrupole assembly, and in an infinitely long quadrupole every r coordinate 

is identical electrically, 

A =-CT because/= 0 (2 4) 

Since 



integration for the three axes yields; 

<D = -^£'„(/lx-+a>'-+/r-) (2 6) 

where is the form of the applied potential. However, as equation 2.4 states that y = 0 

and X = -c, this form of the applied potential is revealed: 

= (2 7) 

Constants may be chosen such that 

where ro is the distance from the center of the electrode structure to the electrode 

surface where it intersects the X or Y plane. On substitution of Equation 2 8 into 

Equation 2.7, the form of the applied potential in terms of x and y coordinates in a 

hyperbolic electrode structure of dimension ro is obtained: 

(x- -_y-) 
= (2.9) 

2/-o" 

The applied potential Eo is composed of the DC potential U and the AC potential of 

angular frequency co and peak voltage V, FCos(a)/), which when substituted into 

Equation 2,9 now yields: 
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(D = (f/ + rCo5(Q;/))^^^—(2 10) 

The magnitude of the electric field is obtained by talcing the partial derivative of the 

potential distribution as a function of distance along the coordinate axes 

— = + VCos((ot)]^ ( 2  1 1 )  
r-

E^. = -— = [U ^VCosicot)]^ (2  12 )  

e?<t> 
E . =  = 0 (2.13) 

Linear Ouadnipole Equations of Motion 

The force { F )  exerted on a charged particle in an electric field is given by the charge of 

the particle (e) multiplied by the magnitude of the electric field E given in Equations 2 11 

through 2.13. 

= - [ U +  V C o s { c o t ) ] ^  (2 14) 

F^.=[U + VCos{cot^-^ (2.15) 
'o 

F . = 0  ( 2 . 1 6 )  

As force is equal to mass (m) multiplied by acceleration, the equations which describe 

the acceleration an ion experiences as it traverses a quadrupole analyzer can be 

rearranged and written as follows. 



jZ 
-4 = - —^[U + VCosicot)] (2 17) 
d f  { m e ) r -

^ = —^[U+VCos{coi)] ( 2  1 8 )  
dr (me)r,; 

d ' z  
-^ = 0 (2.19) 
dr 

These equations assume a hyperbolic electric field produced by hyperbolic surface 

electrodes such that the motions will be independent (e.g. no xy cross terms) along each 

of the three coordinate axes. 

By defining parameters a and q such that 

^eil 
a = (2.20) 

mcoTg 

and 

2eV 
q - — r r  ( 2 . 2 1 )  

mco'r^ 

Equations 2 17 and 2.18 may now be restated as 

d ' x  C O '  

dr 4 
+2qCos[cot)^x (2.22) 

dt' 4 

Through a change of variables 

d' ' 
' ^  = — [ a  +  2 q C o s { a ) l ) ^  (2.23) 

^ = 7 (2 24) 
2 

and mathematical manipulation, Mathieu's equation may be obtained 
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^ = -K + 2qu(^osl^]u (2 25) 

which will be either bounded or unbounded depending on the values of a and q For 

bounded solutions to the Mathieu equation, an ion's displacement along the X or Y axis 

will remain finite as it traverses the quadrupole filter The ion will oscillate in the XZ and 

YZ planes, but the amplitude of the oscillation will neither increase or decrease and the 

particle will travel fi'om one end of the quadrupole to the other For unbounded solutions 

to the Mathieu equation, the amplitude of the oscillations and the radial displacement of 

the ion will increase until it strikes one of the electrodes, is neutralized, and is deposited 

or pumped away. 

Linear Quadrupole Stability Diagram 

The conditions by which the Mathieu equation is bounded or unbound depend only on 

the a and q parameters defined in Equations 2.20 and 2.21 making it possible to use 

these parameters to plot boundaries of stability in a diagram (Figure 8). These 

boundaries are symmetric with regards to the au axis and only the positive qu regions of 

the stability diagram are shown. For a given quadrupole ro and set of U and V voltage 

values, ions with m z ratios that place them outside of the x-stable and y-stable shaded 

regions will diverge and strike one of the quadrupole rods. It is necessary that an ion be 

stable in both axes in order to traverse the linear quadrupole successfully and regions of 

stability in both the X and Y axes are designated A, B and C in the Figure Region A is of 

most concern as the regions farther fi'om the origin involve much higher operating 



x-stable 

y-stable 

x-stable 

y-stable 

x-stable 

y-stable 

-10 

Figure 8 Mathieu Stability Diagram for the Linear Quadrupole Mass Filter. Regions 
of Simultaneous x and y Stability are Labeled A, B and C. 



potentials and though the ion trajectories may be stable, they may also lay outside the 

physical dimensions of the device. 

An enlarged view of the positive au section of Region A is shown in Figure 9 

In this view, an operating line for the linear quadrupole mass filter is illustrated The 

operating line represents an a/q ratio and will have a fixed slope when the H and 

voltages are held fixed at a given ratio. With these ratios fixed, for any given values of U 

and V only a small range of m z values will fall inside the region of mutual stability in 

both the X and Y axes and therefore be transmitted through the quadrupole All others 

will be ejected. As the slope of the operating line is increased, the range of m z values 

transmitted by the quadrupole will narrow, increasing the resolution of the filtering 

action. Ions ejected at the low qu side of the intersection of the operating line with the 

region of stability have a m z ratio higher than that transmitted and are ejected along the 

py = 0 stability boundary - they are unstable in the Y axis. Ions ejected at the high q^ side 

of the intersection are ejected along the px= 1 boundary where their light m z ratio makes 

them unstable in the X axis. In this discussion the quadrupole rods lying in the YZ plane 

would be those biased with the negative pole of the DC potential U. An excellent 

discussion of the filtering processes involved with the linear quadrupole is given by 

Miller and Denton (1986). As can be seen fi-om Figure 9 and Equations 2.20 and 2.21, in 

the RF-only quadrupole, au collapses to 0 and the operating line becomes the qu axis In 

this instance, the transmission properties of the linear quadrupole are governed by its 
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dimensions and the magnitude of the applied Rf potential T The 10 line intersects 

the qu axis at approximately 0.91. Substituting this value into equation 2.21 yields 

m 2.2 r 
-=-T-T (2.25) 

£? Q)-r; 

which is the m z cutoff below which ions are not transmitted when using the linear 

quadrupole as a collision cell or ion conduit. 

Nature of the Applied Field for the Ouadrupole Ion Trap 

Development of the equations for stability in the quadrupole are similar to 

those for the linear quadrupole with the important difference that fields in all three 

dimensions must be considered. Using the axes denoted in Figure 7, it can be seen that 

the X and Y axes of the plane of the ring electrode are degenerate. In the ion trap 

electrode structure, ro is defined as the dimension from the center of the device to the 

surface of the ring electrode in the XY plane and Zo is defined as the distance from the 

center of the device to the surface of the end caps at the intersection of the Z axis. 

If the potential 0o is applied to the ring electrode and is applied to the end 

cap electrodes, the potential 0{x,y,z) at any point in the structure may be calculated using 

= 4(/lr + oy+7r) (2 26) 
'o 

Therefore, at the surface of the ring electrode along the x axis, x = and 

(2.27) 
r" 
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At the surface of the ring electrode along the>' axis, y = ro and 

= (2 28) 
r; 

And at both end caps, 

=  =  ( 2  2 9 )  
r; 

Through appropriate choice of weighting factors, A = cr= 1 so, in order to 

satisfy Laplace's condition, y = -2. This gives Equation 2.30 for the form of the electric 

field. 

=  +  y  -  i r )  ( 2 . 3 0 )  
'o 

The standard trigonometric transformations of x = rCo^ and y = rSiriB may be used to 

transform this equation into cylindrical coordinates; 

-^{r-Cos'6 + r-Sm-6-2:r] (2.31) 
'o 

Using the identity Co^ + Sit? = 1 yields 

- l : r )  (2.32) 
r' ^ ' 'o 

The rotational symmetry removes any dependence of the electric field on the angle 0 
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Quadnipole Ion Trap Equations of Motion 

Similar to the development of the equations of motion in the linear 

quadrupole. the equations which describe the acceleration an ion experiences in the 

quadrupole ion trap can be rearranged and written as follows: 

d': 4 

d t -  { m e ) r -

d-r 2 

T[U -VCos{cot)]z (2.33) 

d r  ( m e ) r ,  

By defining parameters a and q such that 

T [ t /  -  y C o s ( c o l ) ] r  (2 34) 

a, = -2a, = (2.35) 
mco'r;; 

-8er 
q , = - 2 q ^ =  (2.36) 

moi'r^ 

and 

, cot 
4 - —  ( 2  3 7 )  

the Mathieu equation (Equation 2.25) is again obtained. To find the relationship between 

the /"o and zn dimensions. Equations 2.28 and 2.29 may be equated, remembering the 

value of Y = -2 to satisfy Laplace's condition. This yields 

(2.38) 

which states that the distance between the end caps is set to twice the ring diameter 
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Quadrupoie Ion Trap Stability Diagram 

As with the linear quadrupoie, a/q diagrams may be constructed to determine 

regions of ion stability and instability in the r and r dimensions. Due to the factor of 2 

resulting from Equation 2.38, the areas of stability are no longer identical but all 

coordinates are related by a factor of -2. The stability diagram for a quadrupoie ion trap 

is shown in Figure 10. Symmetry across the au axis is retained and only the positive qu 

diagram is shown. Of note in this diagram is that the regions of mutual stability in the r 

and r axes are now asymmetrically shaped and two such regions are labeled A and B An 

enlarged view of Region A is shown in Figure 11. 

Ion Trap Operating Modes 

Initially, ions were not ejected from the ion trap to record their presence The 

first demonstrations of the ion trap used energy loss in tuned circuits to detect ion 

presence (Fischer 1959). Ions were continuously created by an electron beam directed 

through one of the end caps and the ions were contained with an RF potential applied to 

the ring electrode. The readout was accomplished by scanning a pseudo DC voltage also 

applied to the ring electrode and detecting energy loss in a 150 kHz signal applied to the 

end caps. As ions moved into resonance, a deflection in an oscilloscope trace would be 

observed. Drawbacks to this system included a strong change in ion environment 

through the scan as heavy ions would be present while light ones were resonant but light 

ions would have already been destroyed as heavy ions became resonant. It was not until 

the realization by Dawson and Whetten that ions could be ejected through an end cap 
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(1968a, 1968b, 1970) that the quadrupole ion trap really began to see use as a mass 

analyzer. 

Bonner (1973) described three modes of operation of the quadrupole ion trap 

Mode I is as described originally by Paul where ^ is applied to the ring electrode and -00 

is applied to the end cap structures. This approach is exactly analogous to the operation 

of a linear quadrupole and the operating line shown in Figure 9 Only a small range of 

m/z values will be stable in the trap as all others are ejected Readout of the trap was 

accomplished through the application of an ion extraction pulse to an end cap which had 

a detector placed behind it. A mass complete mass spectrum was obtained by 

sequentially stepping through U and V values until ion signals were acquired for the 

desired mass range. The size of the U and V increments and their ratio determined the 

resolution. 

The second mode, originally described by Dawson and Whetten (1968b), 

applies 00 only to the ring electrode while keeping the end caps grounded This 

arrangement made it easier to apply a DC ion extraction pulse to the end caps than Mode 

I with an RF and DC voltage already applied to the end caps. 

The third original mode of operation was developed by Bonner where the DC 

potential -U is applied to the end caps and the AC potential V is applied to the ring 

electrode. This mode was useful in isolating a parent ion for dissociation where daughter 

ions could be trapped by relaxing the DC potential. In this mode of operation, with no 

DC applied to the end caps, all ion masses above the low m z cutoff set by the RJ 



potential applied to the ring will be trapped. This potential may be adjusted to move the 

parent ion under the apex in the stability diagram at qz = 0.78 and then the DC potential 

applied to move vertically up the stability diagram to the apex and thus expel ions of 

higher and lower mass. 

Auxiliary RF Waveforms 

The ion trap used in these studies is equipped to be operated in a combination 

of modes II and III and is equipped with circuitry for application of an auxiliary RF 

waveform to the end caps - axial modulation. For the most common mass-selective 

instability scan, DC potentials are set to 0 volts moving the operating line to the origin 

and parallel to the qz axis of the stability diagram of Figure 11. This mode of operation is 

exactly analogous to operating the linear quadrupole in an RF-only mode such that as the 

RF voltage applied to the ring is scanned upwards, ions of higher and higher mass 

become unstable and are ejected from the trap where they are detected by an electron 

multiplier 

Early in the development of ion trap scanning methods, it was discovered that 

the application of a low voltage auxiliary RF waveform, of slightly less than one half of 

the fi"equency of the RF applied to the ring electrode, would dramatically improve 

resolution and peak shape in ion trap spectra (Tucker et al. 1988). This effect was 

explained by reasoning that ion secular motions would come into resonance with the 

auxiliary field just as they were being ejected. Ions in resonance would bunch more 

tightly together in the ion trap compensating somewhat for their mutual repulsions and 



enlarge their orbits to help to minimize perturbations to their motion by other ions still 

contained in the ion trap. With this technique, the best resolutions are obtained at lower 

ejection voltages than normal which leads to decreased ejection efficiency Ions not 

ejected during resonance with the auxiliary field remain in the trap to finally be ejected at 

the normal RJF potential creating ghost peaks in the mass spectrum (Louris et al. 1992) 

The same researchers also discovered a comb-like appearance to peaks ejected from the 

trap under resonance conditions Each fundamental peak was found to actually consist of 

many small peaks across the nominal peak width. The auxiliary RP field is also used to 

selectively induce collisional dissociation of polyatomic ions in the trap for MS" 

experiments (Broadbelt and Crooks 1988; Charles et al. 1992; Brittain and Feigel 1994) 

Figure 12 illustrates the stability diagram for an ion trap equipped with the 

auxiliary end cap RP potential. The auxiliary potential effectively opens a hole in the 

stability diagram and its location depends on the frequency and amplitude. This effect 

allows another mode of operation of the ion trap - the reverse scan and the ability to 

remove ions of high m.z at the beginning of a scan instead of the end This effect also 

allows mass range extension by setting the auxiliary potential such that it creates a hole 

in the stability diagram at a low q^ / high m/z value. 

The last scanning mode of the ion trap mass spectrometer that will be 

discussed here is the use of slowed scans in order to achieve resolution enhancements 

Two of the ways to remove isobaric interferences in ICP-MS experiments are to 
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collisionally dissociate polyatomic ions and to perform charge exchange and 

neutralization reactions on the monatomic ions. 

High Resolution Operation 

A third method, and one attempted here, was to enhance the resolution of the 

ion trap such that isobars that could not normally be removed by other means could be 

resolved. Kaiser et al. (1991) showed that by reducing the ring RP scan rate by a factor 

of 2 led to an increase of 5000 in resolution at m z 2846. Schwartz et al. (1991) achieved 

a resolution of 33000 at m/z 502 by using axial modulation and resonance ejection at a 

ring RF scan rate 1/20"' of the normal 5555 u/s. Of particular note in this work is the 

achievement of 3800 resolution for the '"Xe peak. This was achieved with a scan rate 

l/lOO"* the normal 5555 u/s of the Finnigan trap electronics. Goeringer et al. (1991) 

reached a resolution of 45000 at m/z 502 by scanning the auxiliary, resonance ejection 

frequency. At the high end of the resolution race for ion trap mass spectrometry is the 

work of Williams et al. (1991) who achieved a resolution of 1.1 x 10^ at mz 3510 and of 

Londry et al. (1993) who achieved a resolution of 1.2 x 10^ at m z 614 by extreme 

reduction in scan rate by a factor of 5.5 x lO"*. 

One drawback to scan rate reduction as a method to enhance resolution is that 

mass spectrometer detectors produce a current proportional to the number of ions 

impinging upon them per unit time. Even though the resolution is enhanced in the slow-

scan experiments and the peak width has been reduced on the mass axis, on a time axis, 

the peak widths have actually been expanded greatly causing ion currents to actually 
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decrease and a corresponding decrease in signal to noise ratios. Theoretically, actual 

peak area should stay the same causing the reduction in S/N to vary inversely with time 

However, Schwartz et al. (1991) found this decrease in S/N ratio to be roughly 

proportional to scan speed and attributed it to two contributions: the reduction in ion 

currents and the longer times available to lose ions through charge exchange reactions 

All of the above authors have noted mass instability problems. The last two 

especially noted the lack of mass accuracy and the many factors which work to 

undermine the utility of this otherwise very desirable feature available with ion trap mass 

spectrometers. 
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CHAPTER 3 

rNSTRUMENTATION 

Introduction 

A block diagram of the experimental ICP/MS-MS system is given in Figure 

13 The system can be broken into a number of subsystems for discussion; 1) the ICP 

and its associated electronics; 2) the vacuum system; 3) the ICP/MS interface region and 

its associated electronics; 3) the linear quadrupole, lensing and electronics; and 4) the 

quadrupole ion trap and its electronics. 

Inductively-Coupled Plasma System 

A Plasma-Therm, Inc. (Kresson, New Jersey) Model 2500D main RP unit 

drives a Plasma-Therm AMNP 2500E automatic matching network and load coil. 

The torch and torch holder assembly were raised using Plexiglas™ standoffs 

such that the majority of the torch was outside of the matching network enclosure The 

entire matching network and torch assembly was then rotated 90° to place the torch in a 

horizontal orientation and mounted on a three-axis positioning stage to allow easy torch 

aligrmient to the sample cone assembly. The argon gas rotameters were rotated to the 

vertical through the use of an aluminum bracket (Figure 14). 

Because of high reflected power in the event the plasma is accidentally 

extinguished, a safety shutoff was installed (Smith, T.R., et al., 1987). To alen the 

operator to bypass conditions and risk to the RF power transmitter unit, the circuit was 
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Figure 14 View of Matching Network Torch Box and X,Y, Z Translation Stage 



modified to provide a red warning LED through the use of the second set of terminals on 

a double-pole bypass switch (Figure 15). Due to the rise in pressure in the vacuum 

system in the event of an extinguished plasma and the potential for glow discharges 

under these conditions, the circuit was also modified to disable the high-voltage entrance 

lens power supplies and the high voltage sections of the ion trap electronics. 

The load coil of the ICP was wired in reverse with the grounded end of the 

coil being closest to the sample cone. Because the load coil experiences high RF 

potentials during operation and is isolated from the highly-conducting plasma by a quartz 

sheath, RP potentials can be capacitively coupled into the plasma. During positive 

excursions in plasma potential, cations are attracted to the grounded ICP interface 

During negative excursions, free electrons are attracted. The difference in mobilities of 

these species tends to leave the plasma with a net positive charge. This net positive 

charge imparts a nominal 5 volt potential to the ions (Jarvis et al. 1992) but can also lead 

to ropy electric discharges, the so-called "pinch" discharge between the plasma and the 

tip of the sample cone. This discharge erodes the sample cone tip and imparts a wide 

variance to ion energies as they enter the vacuum system. This can lead to ion loss and 

degraded resolution in a mass spectrum. There have been a number of approaches to 

solve this problem which have included center-tap grounding of the load coil as in the 

early Sciex Elan instrument and the use of Colpitts-type drive circuitry which provides a 

virtual center tap at ground potential used in the more recent version. One of the simpler 

solutions, and the one used in this work, is to reverse-wire the load coil such that the 
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turn closest to the ICP interface is the grounded end of driving circuit. The highest 

potentials are coupled into the plasma away from the interface minimizing ion energy 

problems over conventionally-wired systems. 

The ICP load coil was cooled by pumping chilled deionized water with a small 

centrifugal fountain pump motor (Model PE-A, Little Giant Pump Co , Oklahoma City, 

Oklahoma). A clear plastic rotameter provides visual indication of pumping. 

Extreme levels of RF interference were experienced in all circuitry associated 

with the experiment until a number of measures were undertaken to minimize the stray 

RP emitted from the ICP torch box. All openings in the torch box were closed with 

screws and nuts or wire mesh and all wiring for the experiment external to the torch box 

was choked using assorted size ferrite rings and snap-on ferrite filters (Radio Shack 

Models 273-105 and 273-104). Tinned 1 inch wide copper braid strips were used to 

attempt to tie all electrical circuitry to a common ground at the steel vacuum system 

support frame. 

A tongue and groove shielding system that allowed free z-axis and limited x, y 

adjustment of the ICP torch was constructed of copper sheet and is diagrammed in 

Figure 16 and shown as a photograph in Figure 17. Concentric cylinders that surround 

the ICP torch were constructed and soldered to a copper plate attached to the top of the 

torch box to form the groove segment of the shield. This groove was packed with soft, 

expanded wire mesh to provided added shielding and assure contact with the tongue 

segment of the shield. The tongue was constructed of a double layer of sheet copper 
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with a cardboard form for stiffness and attached to the outer diameter of the sample and 

skimmer cone mounting plates. Three copper braid cables provide additional grounding 

between the tongue, groove, and the cone mounting plates Once these measures were 

taken, all malfunctions that could be attributed to stray ICP RF energy stopped. A grid-

dip meter operated in the diode reception mode was used to verify the functioning of the 

tongue and groove system. 

Vacuum System 

The vacuum system used in these studies is diagrammed in Figure 18 and a 

operator station photograph is shown in Figure 19 The majority of the vacuum system is 

composed of 2 PYREX™ 4-way cross type 72-1970 Conical Pipe Segments (Coming 

Glass Works, Coming, New York). Glass-to-glass and glass-to-metal seals are made 

using specially formed Teflon® gaskets manufactured for vacuum service and coated 

with a film of Coming High Vacuum Grease. All flanges were secured to the glass ends 

using 3/8 - 16x4 inch standard zinc-plated bolts, nuts, and washers through aluminum 

collars (Coming #72-9450) supplied with the Coming glass crosses. 

With minor exception, all vacuum flanges employed in this system were of 

similar design and machined from 0 500 inch thick stainless steel plate (See Appendix B) 

The flanges at the ICP interface end of the system are standard Conflat™ flanges and 

welded to custom tubing assemblies. 

In such a high pumping demand system, pumping speed is a major factor and 

both diflfijsion pumps are mounted as close to the vacuum system as possible The 
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diffusion pump located under the analyzer region is a Varian VHS-6 (Varian Vacuum 

Division, Palo Alto, California) six inch oil diffusion pump rated at 2400 L/sec for 

nitrogen. A National Research Corporation (now Varian Vacuum Division, Palo Alto. 

California) model 316-6 six inch cryobaffle is mounted directly to the top of the difflision 

pump to minimize backstreaming of pump oil vapor into the vacuum region and cooled 

directly by the house chilled water supply. Reinsfelder (1977) notes that this baffle 

decreases the effective pumping speed in this system to 1300 L/sec A six inch, manually-

operated aluminum gate valve (Vacuum Research Corporation, San Ramon, CA) is 

mounted between the cryobaffle and the vacuum chamber. 

The diffusion pump mounted below the detector region is a Consolidated 

Electrodynamics PMC 1440 (Rochester, NY), 1400 L/sec six inch oil vapor difflision 

pump with a similar cryobaffle (manufacturer unknown) mounted directly above A 

National Research Corporation (now Varian Vacuum Division, Palo Alto, California) 

model 1278-6 pneumatically-operated six-inch gate valve is mounted between the 

cryobaffle and the vacuum chamber. Both diffusion pumps are roughed through liquid 

nitrogen cold traps and a custom built plenum by a Kinney Vacuum Company (Boston. 

MA) KC-15 rotary pump . 

A combination Hewlett-Packard Model HP5945A thermocouple and Bayard-

Alpert Ionization gauge controller (Hewlett-Packard Company, Palo Alto, California) is 

used to monitor pressures in the analyzer/detector vacuum region. The Ionization gauge 

controller also provides a low vacuum, normally-open safety circuit that is wired in series 



with normally-closed over-temperature safety switches mounted slightly above the 

diffusion pump boilers. This circuit is used to remove power fi-om the diffusion pump 

heater elements in the event of rotary pump failure, other loss of vacuum, or loss of 

diffusion pump cooling. A Varian 860 (Varian Vacuum Division, Palo Alto, California) 

cold-cathode gauge is fitted to the vacuum system above the detector region and 

provides an independent measure of system pressure. 

The ICP/MS sample cone interface is directly pumped by a Leybold-Heraeus 

(Germany) D60A rotary pump through a manifold that splits into three ports for 

pumping the three symmetrically-placed ports on the skimmer cone mounting flange The 

pump is connected to the ports through three 1.5 inch inside-diameter pieces of vacuum 

tubing and 1.5 inch barbed threaded fittings. A butterfly valve is mounted just above the 

rotary pump to allow isolation of the vacuum system and prevent oil backstreaming 

when the plasma is not on. 

The ICP/MS interface lensing region is pumped by a 4 inch turbomolecular 

pump (Model TCP-100, Balzers-PfeifFer, Hudson, NH) connected through a plenum of 

three, 2 inch inside diameter pieces of vacuum tubing which connect to three 

symmetrically placed 2 inch vacuum ports on the interface lens vacuum shroud and are 

visible in Figures 17 and 20. One of the vacuum ports is connected to a tee fitting at the 

interface lens electrical feedthrough. A Kinney Vacuum Company (Boston, MA) KC-15 

rotary pump is used to provide roughing vacuum for the turbo pump. RF interference 

from the ICP was such that the TCP 100 controller would not function properly until the 



Figure 20 ICP Sample and Skimmer Cone Interface and Entrance Lens Housing Back View 
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tongue and groove shielding modification was fitted to the torch box / sample cone 

mounting flange interface AJI power and control cables for the turbomolecular pump 

and controller were laced through available ferrite rings. 

ICP/MS Interface 

The sample and skimmer cones and their mounting flanges were copied fi^om 

blueprints supplied by Thermo Jarrell Ash Corp. (Franklin, Massachusetts) The 

mounting flanges were machined locally fi-om solid brass stock. Modifications to the 

design included adding two additional pumping ports between the sample and skimmer 

cones to symmetrically pump and thus avoid any deflection of the supersonic jet on the 

low pressure side of the sample cone (See Appendix B) and the overall enlargement of 

the three ports for better conduction. The mounting plate cooling channels were both 

enlarged and streamlined to increase cooling effectiveness. Instead of a series of 

intersecting straight drillings as in the TJA design, cooling channels were cut as a groove 

on a lathe and capped with spare copper high vacuum gaskets silver soldered into place 

The sample and skimmer cones were machined fi-om nickel stock by Spectron (Oxnard, 

California, Part Numbers TJAIOOl (Sampler) and TJA1002 (Skimmer)). Reduced 

sample and skimmer cone orifice diameters of I.O mm and 0.75 mm respectively, were 

used to improve operating pressures in the system. All dimensions were otherwise 

unchanged from the Thermo Jarrell Ash design. The brass stock was left in natural finish 

and not bright nickel plated as called out in the blueprints. 



Sample and skimmer cone mounting plate cooling was accomplished by-

pumping chilled deionized water with centrifugal fountain pump motors (Model PE-A. 

Little Giant Pump Co., Oklahoma City, Oklahoma) through the mounting plate cooling 

channels. Each mounting plate was on a separate circuit so as to provide optimum 

cooling. Clear plastic rotameters provide visual indication of pumping. 

ICP/MS Interface Lensing 

A five-element lens design was used to collect ions from the skimmer cone 

region and transmit them to the entrance of the linear quadrupole. The lens was designed 

around the requirement to transmit the ions over a distance of approximately 23 

centimeters dictated by the dimensions of the vacuum enclosure used for this system 

while shielding the ions fi'om electrical fields from wires in the vacuum system that 

supplied the lens voltages. A tubular lens design was chosen for its superior shielding 

over aperture lenses. Standard tubular lens elements firom an ion lens construction kit 

(Kimball Physics, Inc., Wilton, NH) were selected and various designs simulated using 

version 4.02 of the SIMION ion trajectory simulation program (Dahl and Delmore 

1988). The original lens design SIMION simulation is shown in Figure 21 and the a 

photograph of the prototype version assembled using the Kimball Physics kit pans on 

two nylon centering rings is shown in Figure 22. Also visible are the mounting wires of 

an on-axis photon stop mounted in the center tube element. The lens elements were 

powered by a rack of high-voltage adjustable power supplies (1 -2000 volt Model HV-

1565, Power Designs Pacific, Inc., Palo AJto, CA). This lens worked well but suffered 
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from frequent arcing in the small tube element that acts as the extracting element for ions 

from the vacuum side of the skimmer cone It was later rebuilt with tube elements 

fabricated from type 304 stainless steel fine wire mesh with a 10 wires per centimeter 

count to allow improved pumping and lower pressures inside the lens and thereby reduce 

arcing and ion scattering losses. 

Linear Ouadrupole Mass Spectrometer 

A Jarrell Ash, 250 x 6 mm hyperbolic linear quadrupole was mounted in a 

custom type 304 stainless steel quadmpole shroud (See Appendix B) and driven by a 

modified Balzers QMH 410-3 RP generator (Balzers-Pfeiffer, Inc., Hudson, NH) The 

RJF generator was modified to match the impedance of the Jarrell Ash rods and 

connective wiring by symmetrically removing four wraps from the primary and 

secondary windings of the output inductor. Tuning quality as windings were removed 

was verified through monitoring the position of a tuning slug as optimum reflected 

power settings were approached. Wraps were removed until no further improvement in 

tuning quality could be made. Snap-on ferrite chokes (Radio Shack Model 273-104) 

were installed on the outside of the coaxial quadrupole power connectors to help 

eliminate interference from stray RF from the ICP torch system. 

RF Generator Control Circuitry 

A custom interface was designed to provide power for the RF generator 

(Figures 23 and 24). In addition to providing the required +/- 24 volt, 2.5 ampere power 

for the RF generator, the interface also serves to level translate logic control input 
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signals from standard 5 volt transistor-transistor logic (TTL) levels supplied by a CIO 

DAS-08 interface board (ComputerBoards, Inc., Mansfield, Massachusetts) to the 12 

volt logic levels used in the QMH 410-3 The only output logic line, indicating the status 

of the RF generator, is translated from 12 volt logic to TTL. Provisions were also made 

for connecting two analog inputs (Scan and Resolution) and one analog output 

(Electrometer Preamplifier) through the interface, however, the output signal line is not 

used in this application. Operation of the RF generator in all voltage off, RF-onJy or RF 

plus DC modes is chosen through logic levels applied to the Mode 1 and Mode 2 inputs 

RF Generator Control Circuitry Circuit Description 

The interface component layout is arranged with the female DB-25 connector 

for the RF generator signal cable opposite the screw terminal connectors for the 

computer 170 interface. The three power terminals are located adjacent to the DB-25 

connector. A simple 12 volt power supply constructed from a 7812 positive voltage 

regulator and filter capacitors is located between the 24 volt power input terminals and 

the I/O board screw terminals. 

The 24 volt power supplies used in this interface are ASTEC America, Inc 

(Oceanside, California), Model ACV 24N4.8, solid-state regulated, 24 volt, 4.8 ampere, 

open frame power supplies that are connected in a series configuration with the center 

connection tied to instrument ground. The top and bottom legs provide (+) and (-) 24 

volts, respectively 110 volt power for the supplies is provided through a power switch 

and 5 ampere fuse 



Logic level shifting is accomplished through the use of three Harris 

Semiconductor (Melbourne, Florida) CD40I09BE CMOS, quad low-to-high level 

voltage shifter integrated circuits (ICs). These ICs can shift from low-to-high or from 

high-to-low depending on the connections made to the V[)p, and Vss power 

supply inputs. In this interface, two of the level shifters (U2, U3) are configured to shift 

from low-to-high (TTL to high-voltage CMOS) by connecting Vqq to an on-board 12 

volt supply and to the I/O board's 5 volt supply The third (Ul) is configured as a 

high-to-low shifter by connecting these lines in the opposite configuration V5S is 

connected to the I/O board ground, the power supply ground, and the RP generator 

ground. Ail level shifter outputs have been enabled by tying them to the appropriate 

Vcc The analog inputs and output are simply pass-through connections between the 

DB-25 connector and the I/O screw terminal connections. 

It is important to note that the screw terminal labeled +5V is not a five volt 

source. A +5 volt supply from the computer's I/O logic board must be connected to this 

terminal so that the level shifters have a 5 volt reference and also to power the RP OK 

output signal line. Similarly, a reference ground / signal return from the I/O board should 

be connected to the screw terminal labeled GRND. 

Linear Quadrupole Mass Axis Control 

The mass axis of the Balzers RP Generator is programmed by a I to 10 mA 

current output from a Datel 169-16B 16-bit digital to analog converter (DAC) in the 

circuit of Figure 25. The 0 to 10 volt output from the DAC is buffered by an LF-358 
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operational amplifier and converted to a 0 to 10 mA current by a 1 00k ohm precision 

resistor This current is passed through the Rf generator interface and power supply 

circuit directly to the RP generator. The DAC is programmed by first writing the eight 

high order bits and then writing the eight low order bits. A 74LS138 three-to-eight 

decoder is used to select which 74LS373 eight bit latch is strobed to accept the data on 

the data buss from the DAS-08. Address bit B2 is used to select the high or low order 

byte. The DAC is wired to continually update the output voltage to reflect the 16 bits of 

input data. Writing the high order byte first allows the DAC to begin to settle even 

before the low order byte has been loaded when there are wide extremes in DAC values 

programmed sequentially as for peak-hopping experiments. 

The circuit in Figure 25 is programmed through the digital output channel of 

the DAS-08 computer interface board and is equipped with eight extra 8-bit National 

Semiconductor DAC-IOOOLCN DAC ICs wired for buffered bipolar +10/-10 volt 

programmable voltage outputs. As these outputs are driving lens elements with no rapid 

switching involved, they are equipped with current-limiting resistors and diode clamping 

circuits to protect the output amplifiers and DAC ICs. For these DACS a second 

74LS138 three to eight line decoder is used to select which DAC is programmed 

Address bit B5 is used to select between programming the mass axis DAC or the 8 

auxiliary (ion lens) DACs while bits B2 through B4 are used to program the three bit 

address for the desired DAC. On receipt of data fi-om the host computer, a 74LS123 

initiates a loading sequence by strobing all XFER inputs on the auxiliary DACs This 
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signal will only be effective if the CS and WRI inputs have been pulled low by the three 

to eight decoder At that point the data present on the data lines will be sampled and the 

DAC output updated. 

The ion lens and mass axis DAC board is controlled by the host computer 

system via a custom C program that allows easy selection of a DAC and keyboard 

adjustment and ramping of the output voltage. 

Ion Trap Mass Spectrometer 

A Finnigan Ion Trap Research Mass Spectrometer Kit was used as the 

analyzer and collision cell region of the instrument. The electron gate circuit was 

modified to allow polarity switching for gating positive ions into the ion trap instead of 

electrons and a slow-scan attenuation modification of the mass axis control with 

provision for offset voltage was applied. 

Electron Gate Circuit 

In normal operation, electrons are gated into the ion trap through the use of a 

+/- 180 volt potential placed on a ring electrode between the filament and the entrance 

aperture to the trap. The negative potential repels the electrons and keeps them from 

entering the trap during analysis or reaction times while the positive potential focuses 

them into the trap during ionization periods. The conventional ionization period using 

electrons is analogous to ion integration in the trap by admitting positive ions from the 

ICP plume except for the polarity of the controlling voltage. By inverting the logic 

circuitry that controls the electron gate, it is possible to use the standard software 
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commands to gate positive ions into the ion trap instead. The inverted polarity gating 

voltage is applied to the center element of a three element tube lens and is alternated 

with the proper voltage to focus the ions into the trap during ion integration periods 

The actual gate voltage circuit is shown in Finnigan drawing 94011-91011, 

sheet 4 of 7 The gate POS/NEG signal is fed from connector Jl, pin 32 to the base of 

Q302. When this signal is high, transistor Q302 turns on, turning on Q301, effectively 

connecting the gate to the positive leg of the high voltage power supply When the signal 

is low, both transistors are turned off and the gate is connected to the negative leg 

through R312 and R304 current limiting resistors. By inserting a standard TTL invener 

in the controlling signal line, the transistors can be made to turn off when the controlling 

circuit issues a high logic level, thus inverting the polarity of the output. 

Finnigan drawing 94011-91002, Sheet 7 of 9, shows the wiring of IC 3G, a 

74LS373 octal D-type transparent latch. This IC is used to capture a data byte from the 

bus where the individual bits control various functions such as filament on/off, reset light 

on/oflf, etc., and presents these signals to their respective circuits. Data bit 5 (BD5) is the 

signal used to set the gate voltage polarity and is the signal that must be inverted before 

passing to the controlling circuit 

The modification necessary to invert the signal is merely to insert a TTL 

inverter into the circuit after the 74LS373. This can be accomplished without extensive 

modification to the SAP circuit board by using a piggyback board that plugs into the 

SAP board in place of the latch. The only modification to the SAP adapter board is to 
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remove the original 74LS373 and replace it with a 20 pin IC socket The latch, an 

invener, and two 0.1 nF monolithic bypass capacitors are carried on the piggyback 

board. The circuit diagram of the piggyback board is shown in Figure 26 and a 

photograph of the modification is shown in Figure 27 The piggyback board is inserted 

into the socket with the 74LS00 at the top when viewed from the front of the ITMS (the 

side opposite the high voltage feed-through for the trap). 

Two solid-state optically-coupled analog switches (LCAl 10, CP Clare Corp . 

Wakefield, MA) are used to select between the inverted gating voltage and the proper 

ion focusing voltage. This circuit (Figure 28) was wire-wrap assembled and mounted in a 

small aluminum box near the voltage feedthroughs for the lens elements. The controlling 

signal is tapped from the gating circuit inverter, buffered, and a complementary logic 

level for the second switch obtained through the use of a second logic gate. Both 

switches are tied to a common output and a 2k ohm resistor between the two switches 

prevents overload currents during switching transients. Two LEDs are used to provide a 

visual indication of the gating circuit fijnction. Power, control signals, and the lens 

voltages themselves are all choked using the Radio Shack snap-on ferrites. 

ITMS Slow-Scan Modification 

The Finnigan ITMS mass axis scan rate is fixed in firmware at 5555 AMU per 

second with ion abundance data acquired every 0.16 AMU Merely slowing the scan rate 

through clock dividers is insufficient to obtain a high resolution spectrum as the AMU 

step is not affected. In order to slow the scan and maintain proper data acquisition rates 
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across mass peaks without modifying the firmware and with a minimum disruption to the 

mass scanning circuitry, an adjustable attenuating stage is inserted between the mass axis 

DAC and the RF amplifying and error feedback circuitry similar to the work of Kaiser ei 

al. (1991) and others (Figure 29). In this circuit the voltage output from the mass DAC 

is filtered of stray RF, converted to a current by a 100k precision resistor and passed 

through an inverter amplifier with adjustable gain. This is the attenuation stage of the 

circuit. The voltage output from the attenuation stage is again converted to a current by 

a precision I Ok ohm resistor and delivered to the summing junction of a fixed-gain 

inverter amplifier with an adjustable current offset. The second inverter restores the 

proper polarity to the mass control signal and the variable offset control is used to begin 

the ITMS scans at any desired trapping RF level. The voltage output from the second 

amplifier is again filtered of stray RF and converted to a current by another precision 

lOOk ohm precision resistor. This signal is then connected to the current summing 

junction on the ITMS mass axis control circuit board. The parts layout and circuit board 

etch pattern is shown in Figure 30. 
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CHAPTER 4 

EXPERIMENTAL RESULTS FOR COMBINED LINEAR QUADRLTOLE 
AND QUADRUPOLE ION TRAP 

Introduction 

The instrument used in these studies, as documented in Chapter 3 and 

Appendix B, was designed by the author and was intended to be assembled in stages 

such that each section could be integrated with the next and the performance optimized 

The core of this experiment was the Finnigan Ion Trap Research Mass Spectrometer Kit 

as supplied by Firmigan MAT. This instrument was delivered with a faulty power supply 

in the selective mass storage logic section such that the digital to analog converter that 

controlled the U voltage used to raise the spectrometer to the apex of the stability 

diagram as discussed as scanning mode III in Chapter II was frequently and 

intermittently inoperable. In the Finnigan ITMS, the U voltage is programmable from -

700 to +700 volts and is applied to the ring instead of the end caps, but the design of the 

supply is such that if it fails to initialize, a full -700 volts will be applied to the ring 

electrode and thus move the a and q coordinates completely off of the stability diagram 

Any ions that succeed in entering the trap will be immediately ejected. The nature of the 

fault was such that the power supply could occasionally initialize at intermediate voltages 

leading to random DC offsets and placing the operating line at various locations in the 

stability diagram, strongly affecting peak shapes and mass axis locations when peaks 

were found at all. 
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This problem with the selective mass storage electronics severely hampered all 

attempts at optimization of this instrument and most likely led to a number of 

modifications which detracted from the performance of the system. The power supply 

fault greatly slowed the development as well due to the amount of time spent 

troubleshooting the locally-constructed equipment. As a result, detection limits and 

spectral quality are much below that of standard inductively coupled plasma mass 

spectrometers. The instrument is also highly unstable with regards to baseline from scan 

to scan due to rapid fluctuations in plasma intensity presumably due to stray RF 

interactions between the load coil and the massive metal plates mounting the sample and 

skimmer cones in such close proximity. In addition, the ion trap and the software are of 

early design. In spite of the acquisition of an later version of ion trap research software 

from the University of Florida (ITMS 2.20 Rev A 1992), the act of requesting to save 

mass scan data to disk would interrupt the scan in progress and appeared to cause shifts 

in peak intensity. A method was devised where during the file save of perturbed data, a 

second request to save a data scan would be made so as not to disturb data acquisition 

Direct screen prints would always work normally but were not amenable to much data 

analysis. However, in spite of these difficulties, a number of positive effects from the 

combined use of a linear quadrupole and a quadrupole ion trap are evident and those 

results are presented here. 
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Reduction of Argon Ion and Polyatomic Interferences 

Argon ion is a troublesome interference for calcium determinations In an ion 

trap mass spectrometer, the isobaric interference is compounded by the overall reduction 

in dynamic range and degradation of resolution for ions read out while the extra charge 

from the Ar" is present in the trap. One feature of the ion trap and software is the ability 

to program scan functions such as the one illustrated in Figure 31 In an ion trap scan, 

ions are gated into the trap using a voltage appropriate for best lensing through the ion 

gate while the RF is held at a level appropriate to trap ions desired while excluding those 

of lower mass to reduce space charge effects. This ion accumulation period, equivalent 

to the ionization interval in a conventional ion trap, may be followed by an ton cooling 

time. If fihered noise fields or SWIFT waveforms were employed, they would be enabled 

during the ion gating to eject matrix ions or ions which are not of analytical interest to 

reduce space charge effects. At the end of the ion integration time, the gate voltage is 

raised to a level which will prevent more ions from entering the trap and the variable ion 

cool time period is entered. During the ion cooling time, ions are confined within the trap 

yet circulate as a result of the RF trapping voltage applied to the ring electrode This 

circulation may be supplanted by an auxiliary RF field applied to the end cap electrodes 

Ions will inevitably collide with various neutral molecules and this interaction provides 

the opportunity for polyatomic dissociation and charge exchange reactions depending on 

kinetic energies, relative electron affinities and ionization potentials. At typical pressures 

in the ion trap, ions undergo between 10^ to 5 x 10^ collisions in 400 ms (Broadbelt et al. 
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1995) The detector is energized and the RF voltage is ramped to eject ions from the trap 

in the mass selective instability mode. The tickle voltage may my used during the RF 

scan to improve resolution by resonant ejection. 

Figure 32 shows a series of spectra obtained for Ar' with a series of cool 

times ranging up to 100 ms. Ion signals were integrated for 40,000 |isec before cooling 

or readout. The mass axis has not been corrected revealing a frequent baseline instability 

in the instrument. The small peak that appears to the right of the Ar" peak is believed to 

be ArH* with a true mass of 41 AMU. Figure 33 shows only the 90 and 100 ms cool 

times for clarity. Figure 34 is a plot of Ar" peak area versus ion cool time and reveals a 

rapid decrease in the amount of argon ion in the trap By 50 ms the argon ion burden has 

been reduced by almost a factor of 100 and by 80 ms it has been essentially removed 

Within the detection limits of the instrument, argon ion is completely gone by 100 ms Of 

note is the change in location along the mass axis of the '*°Ar* peak shown in expanded 

mass axis view in Figure 35. These peak shifts are especially interesting as the shift is to 

higher mass at lower ion abundances. This appears to contradict theory because the extra 

positive charge in the trap at short ion cool times should shield the ions more effectively 

from the voltages applied to the trap electrodes and delay ion ejection until higher 

apparent mass values. In reviewing the scan conditions for these spectra it was found 

that the base RF trapping potential was still being held at m z 17 - just below the value 

for water at m z 18 and for H3O* at m. z 19 The high mass edge of the water peak is 

visible in the spectra to the far left. For these spectra, that value of RF trapping potential 
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was effective at producing a large abundance of argon ion. With the water ions still being 

held in the trap, these results are consistent with ion shielding of the electrode potentials 

However, as the mass peak is shifted to higher potentials, another source of ions must be 

considered. Figure 36 is a set of two spectra acquired with the gate at +180 volts to stop 

the ions and with the other lenses in the system and the linear quadrupole RJF off and on 

In this figure it may be seen that ions are being admitted to the trap in spite of the gate 

being closed. The spectra showing argon loss with cool time were acquired with 

progressively longer ion cool times during which ions are being admitted and contribute 

to larger degree to the space charge burden in the trap. This could explain the apparent 

shift to higher mass for the argon peak in spite of its reduction through charge exchange 

reactions with water. The displacement of the peak center is approximately 0.35 AMU 

which is consistent with the findings of others for peak shifts in saturated ion traps. 

Eliminating '"'Ar' from an ICP mass spectrum should allow the ability to 

quantitate "'"Ca' Figure 37 shows a composite of four spectra with ion integration time 

set at 20,000 usee and 40 scans signal averaged per spectrum. The spectra are the argon 

background with no ion cool time, the background with 100 ms cool time, the signal 

from a 1000 ppm calcium solution and finally, the signal from a 500 ppm calcium 

solution. Both of the calcium solution scans incorporate a 100 ms ion cool time to 

suppress the Ar" signal. All spectra were acquired with a 5 volt tickle at 510,000 Hz 

applied to the ion trap end caps to enhance resolution and with a 22 AMU trapping 

potential to reject H2O* and H3O" as it was formed. Helium buffer gas pressure in the ion 
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trap was adjusted to achieve best resolution. Even with the low sensitivity of this 

instrument, the improvement in the ability to directly detect calcium in an argon plasma is 

evident. 

Ion Integration to Enhance Detection Limits 

A test of enhancing detection limits through increasing ion integration times is 

illustrated in the lead spectra presented in Figure 38 Due to the insensitivity of the 

instrument, 1000 ppm stock solutions were again used and 100 mass scans were signal 

averaged to create each spectrum. A 5 volt tickle at 533,000 Hz was used for resonant 

ejection to enhance resolution through the high ion abundances. The trapping RF level 

was set to 120 AMU and helium buffer gas pressure in the ion trap was adjusted to 

achieve the best resolution. A series of spectra were acquired with ion integration times 

ranging from 25 to 200 msec. A minimal ion cool time of 100 usee was used to allow the 

ion gate to close before the RF scan was initiated. 

In Figure 38 the loss in resolution and minor peak shifting at the higher ion 

integration times is evident at higher integration times and therefore higher ion 

populations in the trap. In these spectra the mass shift is indeed to higher mass as the ion 

population shields itself from the true potentials applied to the trap electrodes. The peak 

shift is most evident with the ^°^Pb peak (almost Y2 AMU), less evident but still strong on 

the '°^Pb peak (approximately '/4 AMU), and almost nonexistent at this scale on the ^"''Pb 

peak. Figure 39 is a plot of peak height taken at the center two mass values for each 

peak as a function of ion integration time and corrected for baseline offsets. The natural 
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abundance ratio for lead is 1.4:24.1:22.1:52.4 for the 204, 206, 207, and 208 isotopes 

respectively Interestingly, the 206 and 207 AMU isotopes reverse in abundance at 

approximately 60 msec of integration time. At low integration time, and thus low total 

ion population in the ion trap, the isotope ratios are correct. However, at higher ion 

populations, space charge effects again distort the spectra causing the 206 isotope to 

lose resolution and thus peak height. As these ions are no longer present when the 207 

AMU isotope is read out, the 207 peak has better shape and resolution but is still 

affected by the presence of the ^°*Pb ions. However, when the 208 AMU isotope is 

ejected, it is the only ion population in the trap. This will lead to a peak narrowing effect 

because as the first ions of that population leave the trap, the balance of the population 

will experience a higher, more true field, which will then proceed to eject more of the 

population. 

Helium Pressure 

Helium buffer gas pressure inside the ion trap has a strong effect peak shape 

and ion signal. Figure 40 is a plot of lead spectra taken at various helium buffer gas 

pressures. In this Figure it may be seen that higher helium pressures provide more 

effective stopping power for ions entering the trap as peak intensities are higher at higher 

buffer gas pressures (Kofel 1995). Again, space charge effects may be seen in the 

broadening and shifting of the ̂ "^Pb and ^"'Pb isotope peaks. Unlike the spectra in Figure 

38, however, the ^"^Pb peaks do not overlay through the series and display a shift to 

lower mass as the helium pressure is increased. Due to the space charge effects, for this 
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system, the optimum ion stopping pressure does not yield true isotope ratios and the best 

peak shapes and relationship to actual natural isotope abundances are achieved at much 

lower pressures (Figure 41). 

Tickle Voltage 

The use of an auxiliary RP field applied to the ion trap end caps was found to 

be absolutely necessary for this instrument. From the spectra presented above it is 

apparent that this particular instrument has a very limited dynamic range of 

approximately 10 and detection limits on the order of 10 to to 100 ppm while 

commercial ICP-MS systems boast detection limits in the ppt to ppq range and dynamic 

ranges of up to 9 orders of magnitude. As ion integration times are extended, and ion 

populations increase, peak broadening and mass axis shifts become severe. To find how 

important the tickle voltage was in alleviating these effects, the tickle voltage and 

frequency was optimized on water spectra acquired while aspirating stock 5% v/v nitric 

acid solution. Ion integration time was 100,000 usee with a trapping RF level of 16 

AMU. The optimum frequency was found to be 533,000 Hz at a tickle voltage of 5 0 

volts. For the water spectra in Figure 42 the tickle voltage was adjusted in 1 volt 

increments and 10 scans signal averaged for each profile. With no tickle voltage applied 

(0 volt line) mass offsets and broadening are severe. There is a fairly smooth progression 

to the optimum peak shape and resolution at 5 .0 volts with a slight degradation apparent 

at 6.0 volts. The requirement to use tickle voltages, not just to enhance resolution, but to 

merely allow operation of this instrument is readily apparent. 
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Anomalous Spectra 

During the original commercial development of the ion trap at Finnigan MAT. 

a trap was constructed with elastomeric vacuum seals that were permeable to water, 

leading to high partial pressures of water in the trap, space charging problems, unstable 

operating conditions, and anomalous peaks in spectra (Syka 1995) Converting the 

design to metal vacuum seals and a metal vacuum enclosure solved these problems 

Others using ion traps in water-prone environments have also noted problems with too 

much water in the ion trap (Barinaga and Koppenaal 1992; Barinaga el al. 1996) During 

development of this system it was noted that the ultra-pure (<1 ppm HiO) helium used 

as the buffer gas in the ion trap not only had to be passed through a chromatography gas 

line dryer (Supelco Model 20639 O2 and H2O scrubber, Bellefonte, PA) but also passed 

through a liquid nitrogen cold trap before admitting it to the vacuum system. If the liquid 

nitrogen level was allowed to drop too low in the cold trap, spectra acquired for the 

balance of the day were ruined as peaks would immediately disappear and the system 

would become very unstable. The vacuum system used for this instrument is glass and 

can not be heated as strongly as a metal vacuum enclosure. Si02 is known to strongly 

attract water and in a vacuum system should be an effective virtual leak. Also, being a 

glass vacuum system with no electrical shielding, the heating tapes must be turned off 

during spectral acquisition or strong signals are induced in the detector circuitry by the 

60 cycle 110 volt line voltage. 
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This was hoped to be turned to advantage as the system would be kept under 

vacuum as much as possible and heated to 104° C by the heating tapes whenever not in 

use. Before data acquisition would begin, the heating tapes would be turned off and the 

vacuum system allowed to cool during the experiments in hopes that the now 'active " 

surface would act as a getter and bind molecular water that was to impact the inside 

surface In spite of these efforts, the water background inside the vacuum system was 

very strong and one indication of this may be seen in Figure 43. Here, a 5000 ppm 

barium nitrate in 5% v/v nitric acid solution was being aspirated. 400 scans were signal 

averaged where the data was acquired with a 533,000 Hz 5 volt end cap tickJe and ions 

were integrated for 100,000 ^sec with a 22 AAIU RP trapping voltage applied to the 

ring electrode 

Barium has number of isotopes, the strongest being the series 134, 135, 136, 

137, and 138 in abundances of 2.4, 6.6, 7.9, 11.2 and 71,7% respectively. Two other 

lesser isotopes exist at m z 130 (0.11%) and 132 (0.10%) but these isotopes are of too 

low abundance to be visible in Figure 43. It is obvious that barium is in the +2 charge 

state and is thus appearing at 67, 67.5, 68, 68.5, and 69 AMU. What is notable about 

this spectrum are the peaks at m/z 99, 108, 117, and 126. These peaks are a nominal 9 

AMU apart and begin 29 AMU above the strongest barium peak. The 9 AMU spacing is 

strongly indicative of a series of water clusters and the 29 AMU offset would indicate 

that Ba'^*3H20 (nominal m z 96 AMU)is the first stable cluster followed by clusters each 

adding another water molecule until Ba'^*6H20 with a nominal w r of 123 AMU 
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Another example of a hydrated ion is shown in Figures 44 and 45 This is a 

spectrum taken with a 5000 ppm cerium solution aspirated and 200 scans signal 

averaged. Ions were integrated for 100,000 |isec per scan into a 22 AMU RF trapping 

potential. The cerium +2 ion appears at m z 70 and 71 with a very small peak 9 AMU 

higher at m z 79. The lesser isotope peak that would be present at m z 80 is not visible in 

this spectrum due to the low sensitivity. For conventional ICP-MS analyses it is not 

uncommon to see ions with double charge and this may readily occur at high forward 

power levels in the torch. The clustering here is unique though undesirable and high 

water background pressures are suspected to be the cause. No ion cool times were used 

in the acquisition of these data and the possible de-clustering of these polyatomic ions 

would have been interesting. Singly-charged barium hydroxide ion was found to be easily 

dissociated in an ion trap with almost 100% conversion using collisional activation 

(McUuckey et al. 1992) and these clusters would most likely be easily dissociated 

High Resolution ICP-MS/ITMS Spectra 

Though the attempt was made to slow the scan rate of the ion trap RF 

voltage, and the circuit employed functioned exactly as it should, mass peaks merely 

spread out in apparent width and decreased in intensity. No resolution enhancement was 

observed with this system. Figure 46 is a comparison of a normal speed scan of the argon 

peak and a scan taken with a rate one third normal The slowed scan is displaced on the 

mass axis for clarity. In this Figure it may be seen that though total peak area remained 

approximately constant, the peak height decreased as the peak width increased During 
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these experiments it was discovered that a group at Pacific Northwest National 

Laboratory had attempted the same experiment on an ICP-MS/ITMS instrument which 

they had constructed with the same result (Charles Barinaga, personal communication) 

The reasons for no resolution improvement through slowing of the RJ scan are unknown 

at this time. 

Conclusions 

Of note in Figure 32 is the complete absence of N t". NOH , O2 . N^O . 

ArNH", ArO', ArOH", ArN*, and Ar2* ions which tend to interfere in the analyses of 

many lighter elements analyzed in nitric acid solutions Major interferences in analyses of 

K, Ca, and Se, Ar' was easily eliminated through ion cool times and argon dimer has 

never been observed with this instrument. Figure 47 is a screen capture of a background 

spectrum acquired with no ion cool time and with ICP torch, lens and pressure 

conditions optimized to enhance the N2', NO", Ar', and other common ICP-MS 

interfering peaks. Again, contrasting this with Figure 33 with a 100 ms cool time and 

typical data acquisition parameters reveals a dramatic reduction in these interferences 

The ability for the system to enhance detection limits through charge 

integration before readout has also been demonstrated. The ability to enhance detection 

limits is crippled on an instrument with a dynamic range of only 10 and such high 

background levels, but with a lower noise floor and higher sensitivity and dynamic range, 

this advantage should become much more important. Inherent in this technique is the fact 

that all ions are collected from the plasma source at one time and before mass readout In 
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a conventional beam-type ICP-MS, any fluctuations in the source intensity due to droplet 

vaporization or other transient sample distribution inhomogeneities in the ICP torch will 

affect results for whichever mass spectral segment is measured at that time 

Other work (Barinaga et al. 1996; Eiden et al. 1996; Barinaga and Koppenaal 

1994) has demonstrated significant reduction or elimination of polyatomic chloride and 

sulfide species produced when aspirating solutions containing HCl or H2SO4 In their 

report of the first operational ICP-MS/ITMS instrument, Barinaga and Koppenaal 

(1994) of Pacific Northwest National Laboratory obtained complete neutralization of Ar' 

in only 30 ms but also postulated that the majority of the neutralization occurs before the 

Ar ions enter the ion trap. Their system pressures where optimum peak shape and 

resolution are found are higher than the Tucson instrument and it is possible that we are 

not experiencing as much pre-trap neutralization as is found with their instrument or 

some other mechanism may be operating. As H3O* has been found to be the terminal ion 

involved in this scavenging, this contradicts the supposition that this instrument has a 

very high water background pressure as possibly indicated by the water clustering 

spectra shown above. The PNL group monitored the H2O* and H3O" peaks to determine 

charge fate and found that these peaks reached their maximum value at the same cool 

time which resulted in the complete neutralization of Ar* 
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CHAPTER 5 

FUTLfRE DEVELOPMENT OF THE ICP/MS-MS SYSTEM 

Due to the difficulties and delay imposed by the programmable DC offset 

power supply in the selective mass storage section of the ITMS electronics, we have not 

had the opportunity to better optimize this system. The results presented are preliminary 

but verify the potential to significantly lower detection limits through ion integration and 

collisional dissociation. There are some considerations for ion integration however In 

reports of similar couplings of external ion sources to a quadrupole ion trap and as 

demonstrated here, there is a dependence of the location of mass peaks along the mass 

axis on the total ion population in the ion trap. Resolution is also degraded as ion 

populations rise. Care must therefore be given to collect only those ions of interest and 

eject and read the ions out within the dynamic range of the ion trap to reduce these 

effects to a minimum Approaches to this problem have included the application of 

filtered noise fields (FNF) and synthesized waveform inverse Fourier transform signals 

(SWIFT) to the ion trap to eject all but the ions of interest. Operation of the linear 

quadrupole in bandpass and notch modes has also been explored to select which ions are 

introduced to the ion trap. However the latter methods cannot address the presence of 

ions created in the trap via charge exchange reaction with background neutral molecules 

and atoms. Use of these methods can also reduce populations of desired ions if close in 

m: ratio to a bandpass or notch edge. As the current thought is that FNF is 

computationally faster, easier and more versatile to implement, an auxiliary FNF field 



system should be acquired and incorporated in the instrument to aid in the integration of 

onJy those ions of interest. 

Regulation of background water levels appears crucial to routine operation of 

this instrument. Due to the possibility of catastrophic implosion due to thermal stress, the 

vacuum system was never heated above 104° C though it may have v^thstood high 

temperatures A active interior surface of a glass vacuum system is no amenable to quick 

vacuum pumpdown or reproducible water level regulation and is optically transparent -

not only to light - but to RP radiation. Background noise was a significant feature in the 

spectra presented here and the high noise floor kept detection limits much higher than 

commercial ICP-MS systems. In spite of the copper tongue and groove shield 

incorporated at the ICP-MS interface to reduce stray RF levels, some equipment 

associated with this instrument refused to function until ferrite rings and clip-on chokes 

were applied to power cords, signal, and control cables. This indicates that RF levels 

were still high in the environment near the instrument. The inability to add ports in 

convenient locations on this vacuum enclosure forced long signal leads which are more 

susceptible to noise pickup, and possibly more important, dictated the 9 inch long ion 

path between the skimmer cone and linear quadrupole entrance where ions could be lost 

to scattering and charge exchange reactions in this relatively high pressure region In the 

interests of more effective pumping, shorter and less noisy signal leads, lower ion loss, 

and for better shielding, the vacuum system should be converted to non-magnetic 

stainless steel. 
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It was revealed by a technical representative of Finnigan Corp (Gary Noriega, 

personal communication) that the RF amplifier in the electronics supplied with the ITMS 

kit makes use of a design likely to produce strong harmonics. Uncontrolled additional 

frequency components present in the ion trap will be likely to make accurate mass axis 

assignment difficult and higher order fields have been blamed for apparent holes (the so-

called black canyons) in certain ion trap mass spectral experiments (Louris et al. 1987) 

The RP amplifier used by Finnigan does not have sufficient power to withstand narrow 

bandpass filtering to apply a "cleaner" signal to the ion trap and replacing this amplifier 

with a more robust amplifier with lower harmonic levels or with of bandpass filtering 

should be considered. RP instabilities, not merely ion population-induced shifts, have 

been noted in all of the cited high resolution ion trap literature and mass axis stability will 

be necessary if high resolution is pursued further with ICP-MS/ITMS As mass range is 

not an issue for elemental mass spectrometry, the trap size should be increased by the 

same factor of 1.4 as the trap employed by the Pacific Northwest Laboratory instrument 

This will lower the highest scannable mass to 325 AMU (the maximum with the current 

trap dimensions, voltages and operating frequency is 650 AMU) but will return an 

immediate increase in resolution due to reduction of the effects of space charge 

Reduction or elimination of isobaric interferences is a major advantage in 

many analyses and indications of how important this is can be found in the number of 

papers, articles, and books in the scientific literature discussing strategies to alleviate this 

problem. The ability to integrate ions for higher signal to noise ratios, better isotope ratio 



141 

stability, and lower detection limits is another very strong feature of this approach. While 

the problem of achieving high resolution through the use of reduced scanning speeds 

currently is not effective, it most likely can be when the reasons behind its current failure 

are discovered 
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CHAPTER 6 

PRELIMINARY RESULTS USING A CHARGE-INJECTION DEVICE FOR THE 

DIRECT DETECTION OF X-RAYS 

Introduction 

Traditional detectors in X-ray diflfraction and crystallography studies use a 

scintillation material to produce visible-wavelength photons that are subsequently 

converted with a photomultiplier tube. Typically, these detectors are scanned at constant 

angular velocity and the photocurrent recorded as a function of detector position in the 

diffracted beam. To improve dynamic range and signal-to-noise ratios (S/N), photons 

can be counted for each resolution element until an adequate signal-to-noise ratio is 

reached. Because diffraction images consist mostly of "empty space" with relatively 

large separation between diffracted beams, much time that could be used to enhance 

signal-to-noise ratios of actual beam intensities and profiles is wasted counting natural 

background. Coupling array detectors such as vidicons, charge-coupled devices (CCDs), 

or charge-injection devices (CEDs) to these experiments allows the simultaneous 

integration of information over a significant diffracted solid angle and greatly reduces the 

amount of time required for data acquisition. Charge injection devices possess the 

benefits of wide dynamic range through random access integration (RAl), non

destructive modes of readout, and no image smearing through reduced charge transfer 

efficiency (CTE) after radiation damage. 
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Experimental 

For the Cu Ka work, 8 04 keV X-rays (1 54A) were produced at a copper 

anode and reflected from a flat, highly oriented pyrolytic graphite crystal 

monochromator. A schematic diagram is shown in Figure 48 The diffracted radiation 

was collimated with 200 micron slits and either imaged directly on a liquid nitrogen 

cooled, C[D-17B 388x244 pixel array (CID Technologies, Liverpool. NY), or reflected 

from a Si/Mo multilayer X-ray mirror for subsequent imaging. No background 

subtractions or flat-fielding corrections were applied to any image. 

For the Mo Ka work, 17 4 keV X-rays (0.71 A) were produced at a 

molybdenum anode (50 kV acceleration, 20 mA electron beam current), collimated 

through a set of pinholes, and incident upon a 0,5 mm diameter, standard diffractometer 

calibration ylid crystal. Diffracted radiation was imaged onto the CID17B array 

Results 

Figure 49 is a video print of a pinhole image of the low angle diffractometer 

X-ray source (40 kV acceleration, 23 mA electron beam current). Figure 50 is a contour 

and surface map of the image pixel intensities. An overall taper and areas of non-uniform 

illumination are visible in the image. 

Figure 51 is a profile of the scattered intensity from a Si/Mo multilayer X-ray 

mirror acquired using a CID, Fifty of the 244 rows of the image were co-added and 

normalized to produce the profiles shown. The specular peak was imaged by closing the 

shutter and reading the array after 30 seconds of exposure. The image of the non-
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Figure 49 Pinhole hnage of the Low Angle X-Ray Source 



Figure 50 CID Pinhole Image of LAD X-Ray Source Intensity Profile 
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specular peaks was obtained after a 100 minute exposure. For comparison, a scan of the 

same sample taken with a conventional scintillation detector is included in Figure 52 

Because the spectra were taken on different occasions, slightly different angles of the 

multilayer mirror caused the satellite peak resolved from the 2nd order scatter in Figure 

52 to be imbedded in the 2nd order scatter of Figure 51 Various factors such as number 

of resolution elements (388 vs. 150 for the CID vs. scintillator) and incident beam width 

(200 micron vs. 100 micron) were different between the two scans, but we can estimate 

the time required for equivalent spectra. It would have taken approximately 5 1/3 hours 

scarming with the scintillation detector to duplicate the resolution of the CID image (100 

minute integration) with the S/N ratios shown. 

Images were also collected fi"om a polychromatic copper X-ray source after 

reflection from the Si/Mo multilayer mirror. Each image was acquired non-destructively 

at various time intervals during the integration and was re-read 10 times. Profiles from 

50 rows of each image taken at various integration times were co-added and normalized 

to form the profiles in Figure 53. The linearity of integration of the peaks at pixels 157, 

190, and 262 are shown in Figure 54 along with their least-square fits. Intercepts for the 

three lines were at 579, 496, and 467 ADUs, respectively. These differences reflect the 

fact that no backgrounds were subtracted and were typical quiescent signal levels. 

An image was also acquired from a conventional X-ray diffractometer used in 

crystal structure investigations. This diffractometer utilizes the radiation from a Mo 

anode X-ray tube to reduce the interactions between analyzing radiation and sample .A 
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single diffracted beam from a standard ylid crystal was arranged to be incident upon the 

CID and an image acquired with a 30 second integration (Figure 55) 

Exposure to relatively large X-ray fluxes for extended periods has damaged 

regions of the CID and this damage is visible as increased dark current in the warm 

(room temperature) array and an apparent decrease in quantum efficiency to visible 

photons of the cooled array. A one second integration of the non-illuminated array was 

used to produce the image shown in Figure 56 Figure 57 shows the result of a 100 

second integration of the cooled array revealing the apparent absence of dark current 

damage Figure 58 is an image of the cooled array after pseudo-even illumination raised 

the average pixel value to around 7000. Two faint vertical stripes in the lefl 1/3 of the 

image can be seen which correspond to the stripes of increased dark current visible in 

Figure 56 

Conclusions 

These preliminary results show that the CID holds promise for X-ray imaging 

applications. In many X-ray experiments such as X-ray crystallographic analyses, large 

dynamic range is important While not implemented in these preliminary studies, RAI 

methods may be used to significantly enhance the dynamic range of CID detection In 

direct X-ray measurements, another advantage offered by CID arrays is the lack of pixel-

to-pixel charge transfer during readout. CCDs suffer fi-om reduced CTE following 

radiation damage, but decreases in CTE will not smear a charge packet in a CID 
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Figure 56 X-Ray Damage Visible in 1 Second Integration of Warm CID Array 



Figure 57 100 Second Integration of Uniliuminated CID Showing Apparent Absence of Damage 



Figure 58 Image of Cooled Array Under Illumination Showing Decreased Response in Areas of X-Ray Damage 
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Reduced CTE may only reduce the difference in signal levels during a read, and thus the 

absolute signal read at a damaged pixel. 
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CHAPTER 7 

INSTITUTE FOR CHEMICAL EDUCATION COMPUTER INTERFACE KIT 

General Description 

This versatile circuit provides a number of usefiil laboratory and classroom 

interface functions in a compact, self-contained device that communicates with any host 

computer that is equipped with a standard RS-232 serial communications port This low-

cost device features an eight-bit analog-to-digital converter (ADC) with two, switch-

selectable, high input impedance analog input circuits - both with adjustable gain. One 

circuit is for 0-5 volt signals while the other is for 0-15 volt signals. It also features four 

bits of digital output, eight bits of digital input, local and remote push-button event 

triggers, four addressable trigger-out digital lines, and a crystal-controlled, computer-

programmable time base. The event trigger inputs may also be used to strobe the eight 

bits of input digital data into the interface and out to the host computer. For possible 

trouble-shooting of the serial connections to the host computer, the serial interface is 

monitored by light-emitting diodes (LEDs) on the serial data in (RXD) and serial data 

out (TXD) lines. 

The circuit is based on a General Instrument (now Microchip Technology, 

Chandler, Arizona) AY-3-1015D Universal Asynchronous Receiver/Transmitter 

(UAR/T). This device converts RS-232 format serial data to parallel and vice-versa A 

four-to-ten line decoder selects the various interface functions, while several monostable 

multivibrators provide timing and sequencing functions Two octal latches sample and 
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hold the input and output digital data. The dual baud rate generator for the UAR/T does 

double duty with one half supplying the computer-selectable time base and the other 

setting the UAR/T baud rate for communications with the host computer. 

Of the various functions available, only the analog range select switch, analog 

gain potentiometers, analog input terminals, and the event push-button are located on the 

interface box itself All functions, including +5 volt and ground lines, but excluding the 

analog gain potentiometers and range select switch are available on a DB-25 expansion 

connector 

Circuit Description 

Power Supply 

The entire circuit (Figure 59) is powered by a single wall-mount 9 volt 

transformer A 7805 voltage regulator supplies 5 volt power to the interface. RS-232 

serial data is level-shifted to and from standard transistor-transistor logic levels by a 

MAX232 transceiver which eliminates the need for an additional {+) and (-) 12 volt 

power supply. 

Communications Protocol 

One half of the General Instrument AY-5-8116 dual baud rate generator is 

switch-programmable (T^-Tp, switches 6 through 9) to select a frequency 16-times the 

baud rate of the interface for communication with the host computer. This clock 

frequency, f-p, is fed to both the transmit and receive clock inputs (RCP, TCP) of the 

AY-3-1015D UAR/T. STT tied high forces the baud rate generator to constantly 
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monitor the switch settings for the desired baud rate. The number of data bits, stop bits, 

and data parity for serial communications are set by UAR/T switches 1 through 5 (EPS, 

NBl, NB2, TSB, and NP, respectively). CS tied high forces the UARTT to constantly 

monitor the status of these settings. 

Analog Input Circuitry 

Two input connectors and a common ground are provided to connect analog 

signals to the ADC interface. Both input circuits are high-impedance, buffered, and 

reverse-bias diode-protected. A 0-5 volt, low-level input is connected directly to a non-

inverting input of one half of a National Semiconductor Corp (Santa Clara, California) 

LM358, low-voltage, single-supply, dual operational amplifier 0-15 volt, high-level 

signals are attenuated through a 10 Mn voltage divider and passed to the non-inverting 

input of the other amplifier in the LM358 package. Variable gain in both input circuits is 

provided by 10-tum, 10 kn potentiometers in the amplifier feedback loops A simple 

toggle switch selects which amplifier output is applied to the ADC Vi|,+ input through a 

I kQ resistor with a 5 .1 volt zener diode tied to ground. The LM358 is powered by the 

(+) 10 volt power supply built into the MAX232 level-shifter to allow output voltages to 

span the full 0 to 5 volt range of the ADC. This presents a problem in that through 

incorrect setting of the gain or through the application of an overranged input voltage, 

the LM358 could apply a damaging voltage to the ADC input. The zener will clamp the 

input voltage to 5.1 volts and the 1 kH resistor will limit the current flow to keep from 

drawing so much from the MAX232 to disable communications. The ADC input is 



162 

tied to ground and there is no on-board provision for signal offset or full-span 

adjustment of the ADC 

Function Initiation 

When the host computer sends out a control byte to the interface, it is level-

shifled by the MAX232 and presented to the UAR/T at SI. Once converted to parallel 

data, the byte is immediately available at RD1-RD8 of the UAR/T because RDE is tied 

low DAV is set high bt the UAR/T to indicate that a byte has been received A low-to-

high transition U->h) on DAV, fed to monostable TIA input Bl, triggers a 10 ^s low 

pulse on the IQ output. This pulse is used to reset the UAR/T DAV line through 

RDAV and is also applied to the D input of the 7442 BCD-to-decimal decoder 

Combined with data bits RD5-RD7 at terminals A-C, the 7442 will pulse the 

corresponding output terminal low for the duration that D is low (10 jxs) It is these 

output lines that control the fate of data received on RD1-RD4, trigger an ADC 

conversion, strobe 1 of 4 trigger lines, or latch and transfer digital data into the interface 

Triggering an ADC Conversion 

Because RD1-RD8 correspond to data bits 0-7, a byte sent by the host with 

bits 4,5, and 6 low (xOOOxxxx, x=don't care) will cause 7442 output 0 to pulse low for 

10 ^is This signal is applied to ADC input WR and initiates a conversion The 

conversion proceeds at a rate determined by the resistor and capacitor connected to 

CLKR and CLKEV. For a 10 kn resistor and 220 pF capacitor, the total conversion 

time is less than 200 ^s. INTR is pulled low at the end of the conversion and this signal 



is passed to monostable TIB input A2 to cause a /?—>/ transition on the 2Q output 

(actually a 10 us low pulse). This transition is fed to RD of the ADC which strobes the 

conversion value onto data lines DB0-DB7. These lines are connected to DB1-DB8 of 

the UAR/T. The low pulse is ANDed with another "data out" strobe line at gate 1 of a 

7408, quad 2-input AND gate and passed to UAR/T input DS The low pulse at DS 

strobes the data into the UAR/T and initiates serial transfer back to the host computer 

Outputting Digital Data 

When the command byte xOOldddd (d=data bits to send out) is sent to the 

interface by the host computer, the 7442 will decode the 10 |is low pulse onto output 

line 1 This low pulse will be inverted by gate 1 of a 7404 inverter and applied as a /->/; 

pulse to the C input of the 74373 transparent octal latch. While C is high, the data on 

UAR/T RD1-RD4 are allowed to pass from the DI-D3 inputs of the latch to the Q1-Q4 

outputs and are latched when C returns low 10 us later. Because OC is tied low, the 

data are always available at the digital data output tenninals. 

Inputting Digital Data 

When the byte xOlOxxxx is sent to the interface by the host computer, the 

7442 will decode the 10 ^is low pulse onto output line 2. This low pulse is ANDed with 

the push-button strobe line by gate 2 of the 7408 and is passed to the OC input of the 

74374 edge-triggered flip-flop. The pulse is also inverted by gate 3 of a 7404 inverter 

and applied as a /—>/» pulse to the C input. On the /—>/? transition at C, the eight bits of 

user data present at flip-flop inputs D1-D8 are latched and presented to the QI-Q8 
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outputs (by OC) and bussed to the UAR/T DB1-DB8 inputs. 74123 monostable TIB 

also receives the ANDed low pulse at its A2 input and this triggers a 1 |is low pulse at its 

2Q output. This low-going pulse is ANDed at 7408 gate 1 with the ADC "data send" 

line and triggers strobing of the data into the UAR/T and transmission to the host when 

it reaches DS Because of the 10 ^is pulse at OC enabling the presentation of the user 

data at the flip-flop Q outputs, the 1 |is pulse from monostable TIB is sure to capture 

valid data at the UAR/T DB inputs. 

High-Low-High Digital Strobe Outputs 

These outputs are merely the raw, 10 ^is, low-pulse outputs decoded on lines 

4 - 7  o f  t h e  7 4 4 2  B C D - t o - d e c i m a l  d e c o d e r .  C o m m a n d  b y t e s  x l O O x x x x ,  x l O l x x x x ,  

xl lOxxxx, and xl 1 Ixxxx will be decoded as /j->/ pulses on the output lines 4, 5, 6, and 

7, respectively. 

Computer-Programmable Time Base 

The spare half of the AY-5-8116 dual baud rate generator is used as a 

computer-programmable time base. A host computer command byte of xOl IDCBA will 

program Ra-Rd with data bits DCBA. 7442 decoder output line 4 is inverted by gate 2 

of the 7404 and applied to the STR input of the generator. A high level at this input, 

supplied by the inverted 10 |is pulse, applies the data at Ra'^D ^^e internal clock 

dividers and divides the crystal frequency by various divisor values. The output 

frequencies present at the Fr output for the 16 DCBA combinations are given in Table 1 



Table 1 Programmable Time Base Frequency 

D C  B  A Command Di>isor Frequency (kHz) 

0 0 0 0 048 30h "O" 6336 0 800 

0 0 0 1 (M9 31h 4224 1 200 

0 0 1 0 050 32h "2" 2880 1 760 

0 0 1 1 051 33h "3" 2355 2 152 

0 10 0 052 34h ••4" 2 I I 2  2 400 

0 ! 0 I 053 3Sh "5" 1056 4 800 

0  1 1 0  054 36h "6" 9 600 

0  1 1 1  055 37h "7" 264 19 20 

1 0 0 0  056 38h "8" 176 28 80 

1 0 0  1  057 39h ••9" 158 32 08 

10 10 058 3Ah .... 132 38 40 

I 0 I I 059 3Bh "... 88 57 60 

1 1 0 0  060 3Ch 66 76 80 

1 1 0  1  061 3Dh 44 115 2 

1 1 1 0  062 3Eh 33 153 t) 

1 I 1 1 063 3Fh 16 316 8 

Push-button Event Trigger Manual Digital Data Input 

An event signal may be sent, and/or digital data captured and strobed out to 

the host computer through the use of the push-button event trigger located on the 

interface box or by a remote trigger h-^l transition. In either case, a h^l transition is 

applied to one of the inputs of gate 4 of the 7408 which appears as a h^l transition at 

input A1 of monostable T2A. This transition causes a 1 ms low pulse at the IQ output 

that is ANDed with 7442 output line 2 by gate 2 of the 7408. The effect of this pulse is 

the same as if the host computer had requested the data by sending a xO 1 Oxxxx byte to 

the interface. The 1 ms duration of the pulse effectively debounces the switch inputs as 
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this pulse is stretched through monostable re-triggering for as long as there are push

button h-^l bounce transitions occuring during the pulse The length of the pulse is not 

critical as it is the leading edge of the original h^l transition that propagates the data 

through the balance of the circuit, preserving trigger synchronization with the event The 

1 ms pulse width limits the maximum rate that triggers can be received by the host 

computer to less than 1000 Hz - or about the standard data transfer rate at 9600 baud 

Command Summary 

The commands that the host computer must send to the interface to initiate its 

various functions are shown in Table 2. Since the high bit in all control bytes is ignored, 

the cammands will repeat in the upper 128 (80h) to 255 (FFh) range. Ail commands are 

given as ranges of values to initiate a specific function. This is because as long as the bits 

that decode a particular function are set properly, it doesn't matter what the states of the 

other bits of the control byte are. 

Table 2. ICE Interface Circuit Command Summary 

Strobe 7442 line 4 

Strobe 7442 line 5 

Strobe 7442 line 6 

Strobe 7442 line 7 

Analog-to-Digital Conversion 

Output 4 bits of Data* 

Input 8 bits of Data 

Set Output Time Base (see Table 1) 

ActionCommand Range 

000 (OOh) to 015 (OFh) 

016 (lOh) to 031 (IFh) 

032 (20h) to 047 (2Fh) 

048 (30h) to 063 (3Fh) 

064 (40h) to 079 (4Fh) 

080 (50h) to 095 (5Fh) 

096 (60h) to 111 (6Fh) 

112(70h) to 127 (7Fh) 

•(10h = 0000. llh = 0001. 12h = 0010. I4h = 0100. 18h = 1000, lFh = 1111) 



Figure 60 Top Circuit Board Etch Pattern for the ICE Interface Kit cr 
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Figure 61 Bottom Circuit Board Etch Pattern for the ICE Interface Kit o-
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APPENDIX A VACUUM SYSTEM PUMPDOWN, ICP STARTUP. ICP 
SHUTDOWN, VACUUM SYSTEM SHUTDOWN AND VENTING 

PROCEDURES 

Vacuum System Pumpdown 

1 Open the valves for the chilled water supply to the diffusion pumps 

2. Turn on the interlock power supply, the thermocouple gauges and all cooling 

pumps. Check the rotary flow indicators on the cooling lines for proper 

operation of the cooling system. 

3 Close the two gate valves between the diffusion pumps and the vacuum 

chamber. 

4. Ensure that the detector region gate valve bypass valve is closed. 

5. Turn on the diffusion pump roughing pump. 

6 Turn on the roughing pumps for the entrance lens region turbo pump and for 

the sample and skimmer cone interface region. 

7 Place a layer of clean, light latex or other suitable material over the sample 

cone inlet to block outside air until ready to light the plasma. The vacuum will 

hold it in place 

8 Monitor the thermocouple gauges until the system pressure is in the 10 " torr 

range 

9 Turn on the entrance lens region turbo pump 
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10 Disable the "Good Vacuum" deadman switch by toggling switch to the down 

position (The green "VACUUM OK" LED will light and the red warning LED 

will flash). 

11. Check to be sure diffusion pump coolant is flowing by placing a hand on the 

diffusion pump cooling coils They should feel cold to the touch 

12. Check to be sure diffusion pump cold trap coolant is flowing by placing a hand 

on the analyzer region coolant manifold block. It should feel cold to the touch 

13 Enable the diffusion pumps by pressing the diffusion pump enable push-button 

(A click should be heard as the relay engages.) 

14. Turn on both diffusion pumps by switching on their toggle switches. (Clicks 

should be heard for both pumps as their relays engage.) 

15 The vacuum manifold heaters can now be turned on by applying power to the 

temperature controller and verifying the temperature setpoint. Care must be 

taken so as not to thermal shock the glass vacuum system by using 

temperature ramps of approximately 2 hours to reach operating temperature 

16 Once the diffusion pumps have reached foil operation (approximately 20-30 

minutes), turn on the Bayard-Alpert ionization gauge and disable the interlock 

deadman switch. System will now remove power from diffusion pumps in the 

event of vacuum loss or diffusion pump overtemperature. 

17 Diffusion pump gate valves may now be opened to better pump vacuum 

system. 
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18 System is now ready for operation. 

ICP Startup 

1 Enable the vacuum interlock deadman switch, turn off the Bayard-AJpert 

pressure gauge and close both diffusion pump gate valves 

2. Check the liquid argon or pressurized gaseous argon tanks for sufficient level 

3 Open the main argon gas valve to the ICP head and spray chamber and verify 

that system pressure is at least 60 Ibs/sq. in. Adjust regulator as necessary 

4. Check the spray chamber waste line and waste tank to make sure there is 

liquid in the gas trap and no danger of overfilling waste tank during operation 

5. Turn on the coolant pumps to the ICP load coil, sample cone head, and 

skimmer cone head. Visually check flows using the rotary flow indicators 

6. Check that nebulizer pump tubing is clamped in pump to eliminate gas leaks 

7. Check that ICP torch is adjusted to proper position with respect to sample 

cone orifice. 

8. Turn on the PlasmaTherm"™ RF control unit main power breakers and power 

switch. 

9 Check that the "LOCAL / REMOTE" control switch on the RF power unit is 

set to "REMOTE". 

10. Turn on the plasma, auxiliary, and nebulizer gas supply relays and adjust the 

flows to 12 1/min, 0.0 1/min (off), and 0,8 1/min respectively. 
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11 Remove the latex cover from the sample cone (if in place) 

12 Wait for blue "RF OFF" lamp to light on ICP matching network panel 

signifying end of warm-up period and that RF generator is ready 

13 Check and adjust RF Power level setting to approximately "6" (1000 watts) 

14 Check that RF Tune switch on ICP matching network panel is in the 

"MANUAL" position. 

15 Set plasma monitor deadman circuit switch to "BYPASS" (green "PLASMA 

OK" LED will only light when plasma is lit, red "BYPASS" LED will glow) 

16, Remove latex vacuum cover from mass spectrometer sample cone 

17 Press and hold the "IGNITE" button on the ICP matching network to enable 

tesia coil. 

18. Press the "RF ON'' button while continuing to hold "IGNITE." Release the 

"IGNITE" button as soon as the plasma lights. 

19. If plasma fails to light, quickly press "RF OFF" and adjust the matching 

network tuning as necessary. 

20. On plasma ignition, switch RF Tune switch to "AUTO". 

21. Check the reflected power level to ensure it is not excessive (>25 watts 

reflected). Adjust tuning controls as necessary to minimize reflected power or 

abort the start and turn RF generator off until problem is remedied. 

22 Set plasma deadman switch to "ENABLE" (Red "BYPASS" LED will turn 

off. Green "PLASMA OK" LED should be illuminated) 
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23 Set desired RF Power level while monitoring reflected power Make tuning 

adjustments as necessary. 

24 Open diffijsion pump gate valves while monitoring system pressure on 

thermocouple gauges and cold-cathode gauge. 

25. Turn on Bayard-AIpert Ionization gauge and check and record pressure 

26 System is now ready for operation. 

ICP Shutdown 

1. Turn off Bayard-Alpert Ionization gauge. 

2. Close diffusion pump gate valves. 

3 Press red "RF OFF" button on ICP matching network panel. 

4 Allow argon to continue to flow for 1 to 2 minutes to cool torch. If vacuum 

system is pumping, allow argon to flow until vacuum system shutdown and 

venting is complete to fill vacuum system with argon. 

5. Perform vacuum system shutdown and venting (if applicable). 

6. Turn plasma, auxiliary, and nebulizer gas flow relays off at ICP matching 

network panel. 

7 Turn PlasmaTherm™ main power switch and breakers off 

8 Turn main argon gas supply off. 

9. Turn coolant pumps to ICP load coil, sample cone head and skimmer cone 

head off, 

10 ICP Shutdown is complete 
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Vacuum System Shutdown and Venting 

1 Ensure that all power supplies and electronics supplying lenses, quadrupoles. 

detector, etc. are turned off. 

2. Turn off Bayard-Alpert Ionization gauge (deadman interlock will remove 

power from diffiision pumps). 

3. Close both diffusion pump gates valves. 

4. Set diffusion pump power switches to off position 

5 Allow sufficient time for diffusion pumps to cool well below boiling 

temperature of pump fluid (20 to 30 minutes). 

6 Turn off all three roughing pumps. 

7 Turn off thermocouple pressure gauges when system reaches atmospheric 

pressure. 

8. Turn off ion trap helium buffer gas (if applicable). 

9. System is now shut down and vented. 



APPENDIX B: VACUUM SYSTEM COMPONENTS 
MECHANICAL DRAWINGS 
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