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Fundamental studies of the plasma extraction and ion beam formation processes in 

inductively coupled plasma mass spectrometry 

Hongsen Niu 

Major Professor: R. S .  Houk 
Iowa State University 

The fundamental and practical aspects are described for extracting ions from 

atmospheric pressure plasma sources into an analytical mass spectrometer. 

Methodologies and basic concepts of inductively coupled plasma mass spectrometry 

(ICP-MS) are emphasized in the discussion, including ion source, sampling interface, 

supersonic expansion, skimming process, ion optics and beam focusing, and vacuum 

considerations. Some new developments and innovative designs are introduced. 

The plasma extraction process in ICP-MS was investigated by Langmuir 

measurements in the region between the skimmer and first ion lens. Electron 

temperature (“J is in the range 2000 - 11000 K and changes with probe position 

‘This work was performed at the Ames Laboratory.under contract No. W- 

7405-ENG-82 with the U. S .  Department of Energy. The United States government 

has assigned the DOE report no. IS-T 1713 to this dissertation. 
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inside an aerosol gas flow. Electron density (nJ is in the range 108 - 10'' ~ m - ~  near 

the skimmer tip and drops abruptly to lo6 - lo8 ~ m - ~  downstream further behind the 

skimmer. Electron density in the beam leaving the skimmer also depends on water 

loading and on the presence and mass of matrix elements. 

Axially resolved distributions of electron number density and electron 

temperature were obtained to characterize the ion beam at a variety of plasma 

operating conditions. The electron density dropped by a factor of lo3 along the 

centerline between the sampler and skimmer cones in the first stage and continued to 

drop by factors of 104-105 downstream of skimmer to the entrance of ion lens. The 

electron density in the beam expansion behind sampler cone exhibited a l/z? intensity 

fall-off (z is the axial position). An second beam expansion originated from the 

skimmer entrance, and the beam flow underwent with another 1/z2 fall-off behind the 

skimmer. Skimmer interactions play an important role in plasma extraction in the 

ICP-MS instrument. 

The measured floating voltages (Vf) are in the range of t2 to t5 volts. Vf 

generally decreases downstream of sampler and through the skimmer. Negative values 

i 

of Vf were measured at downstream of the skimmer. RF amplitude shows a net 

positive potential in supersonic expansion. The plasma "rectification effect" and the 

"calorelectric effect" on the plasma potential measurements were discussed. The drop 

in V, near the skimmer may be caused by a disturbance in front of the skimmer. 
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GENERAL INTRODUCTION 

Inductively coupled plasma mass spectrometry (ICP-MS) has emerged as a 

major technique in the area of elemental analysis since its introduction in 1980. The 

technique historically stemmed from the development of the ICP as an emission 

source in atomic spectroscopy (AES) in the late 1960s (1,2). About 10 years later, the 

fust analytical mass spectrometer with an ICP ion source was developed in the Ames 

Laboratory by Houk et aE (3), following the work of Gray using a d.c. capillary arc 

as a ion source for mass spectrometry (4). Since then, ICP-MS has been growing 

rapidly and become a widely used technique in the analytical community. 

ICP-MS Instrumentation and Development 

The scope of ICP-MS application has been extended to the fields of biomedical 

research, geological survey, food nutrition, pharmaceutical quality control, clinical 

and forensic toxicology, environmental sciences, etc. (5-24). Beside its capability for 

elemental and isotopic analysis, ICP-MS has been used for elemental speciation 

studies in Combination with chromatographic methods for separation (25-27). 

The ICP is an excellent ion source for elemental mass spectrometry. The 

interface for plasma extraction into the mass analyzer is derived from molecular beam 

techniques developed many years ago. For plasma extraction, the sampler cone is 
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inserted into the plasma and samples the ions in the axial central flow with a orifice 

- 1 mm diameter. A second cone is located behind the sampler to re-sample the 

plasma beam into the second vacuum stage. Ion lenses behind the skimmer in the 

second vacuum stage extract and focus ion beam into an mass analyzer. 

A quadrupole most commonly serves as the mass analyzer in ICP-MS. It is 

commonly used for most analytical instruments because of its low cost, simplicity and 

tolerance of a wide range of kinetic energies. The quadrupole mass filter is an array 

of four metal rods biased at appropriate RF and DC voltages. Only ions of a selected 

mass to charge ratio (m/z) pass and are then collected by a detector. An off-axial 

detector is mostly used and the ions are reflected into it by a electrical reflector to 

reduce the high background caused by photon collection. A Channeltron electron 

multiplier is generally used in the pulse counting mode. The data acquisition operation 

may use as single-ion monitoring, multiple-ion monitoring, and spectrum scanning. 

Other mass analyzers may be also combined with ICP such as magnetic sector and 

time-of-flight. 

The success and the popularity of the ICP-MS rely on its following unique 

features: 1) low detection limit (l-lOOpg/ml); 2) simple spectra; 3) multielement 

capability; 4) large linear range and elemental coverage; 5) isotopic ratio 

measurement. ICP-MS detection limits are 100 - 1000 times better than those obtained 

by ICP atomic emission (ICP-AES). The analysis speed can be much faster than 

atomic absorption spectroscopy (AAS) with multielement capability. However, the 



3 

technique is not without its problems and the new developments are continuing. 

The interface in ICP-MS has been the heart in development of the ICP-MS 

instrument. Plasma extraction and ion beam formation in the interface play an 

important role for further improvement of the technique. 

The major commercial ICP-MS devices have evolved continuously and a 

number of new instruments has been introduced in the marketplace. Currently, Sciex 

and VG Elemental are the two major manufacturers for ICP-MS. In the Sciex ICP- 

MS, the cryogenic pump in the earlier design was replaced by turbo molecular pumps 

in Elan 5000 ICP-MS. The unique design in Sciex ICP-MS is the well known center- 

taped coil introduced by Douglas (28), in an attempt to reduce the secondary 

discharge at the interface of the instrument. 

VG produced an alternative product "PQ Eclipse" ICP-MS besides of its 

PlasmaQuad system by modifying the instrument with only two vacuum systems. 

They also introduced a high resolution ICP-MS device that use a magnetic sector 

mass analyzer with a resolution approaching 10 000 (29). Most isobaric interferences 

may be overcome but at high cost relative to that of quadrupole mass spectrometers. 

Several other manufacturers produce ICP-MS instruments in the market place 

and each has some different approaches in interface design even through the basic 

components are same. Finngan MAT is marketing a product named "Sola ICP-MS" 

that was initially designed by Turner (30, 31). One unique feature of this instrument 

is its ion optical design. A high acceleration voltage is applied to improve ion 
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transmission and mass discrimination, and a dual collector system is used for 

operating at a large dynamic range. Thermal Jarrell Ash, the first U. S. based ICP- 

MS manufacturer, introduced their "POEMS" at the 1992 Pittsburgh Conference. This 

design combines ICP optical emission and ICP mass spectrometry in the same 

instrument and the mass spectrometer uses an offset ion lens system based on the 

Ames Laboratory design (32) to reduce the levels of background signal and 

polyatomic ions. In 1993, Varian announced their new ICP-MS instrument so called 

"UltraMass". The unique feature of this instrument is a different coil geometry called 

"Turner Coil" (33), which is similar to the center-tapped coil design in principle, with 

an effort to reduce secondary discharge. Another unique feature of the instrument is a 

large turbo pump used in the second stage. Another ICP-MS instrument with an 

unique ion lens design is Yokogawa PMS 2000 (34). The offset ion lenses were used 

and substantial better detection limit and sensitivity were reported. In 1994 Pittsburgh 

conference, Hewlett-Packard Yokogawa (35) introduced the first benchtop instrument 

called HP 4500 ICP-MS. The unique features of HP 4500 ICP-MS include the 

"Shieldtorch", the offset ion lens, and, most surprisingly, its compact design. Other 

ICP-MS manufacturers with ICP-MS are Seiko, Hitachi and JEOL in Japan, and 

Spectro Analytical Instruments of Germany. At this time, more than loo0 instruments 

have been installed worldwide. 

Despite the great success of the instrument, limitations do exist. The 

shortcomings with the ICP-MS include matrix effects (36-42), mass-bias (38,43), 
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isobaric spectral interference (44-48), long-term drift (49,50). Besides, inefficient ion 

extraction and transmission have also been recognized although the ICP-MS can 

achieve excellent detection limits (1-50 pptr). A large fraction of ions are lost in the 

beam transport process when the number of ions sampled from the ion source is 

compared with those collected by detector. 

Most of the shortcomings have been postulated to originate from the sampling 

processes at the interface. However, the mechanisms and the origins in the instrument 

are still not fully understood. For developing the instruments of the next generation, 

more fundamental studies are needed to further understand the extraction processes 

Dissertation Objectives and Organization 

It is the overall purpose of this dissertation to provide a basic understanding of 

the construction and the performance of the ICP-MS interface. Fundamental principles 

and design considerations will be described for extracting ions from atmospheric 

pressure plasma sources into the analytical mass spectrometer. Some important 

experimental discoveries about ion beam behaviors and instrument functioning are 

discussed. New mechanisms and possible future improvements are also suggested. 

Ion transmission and instrument performance are characterized through the 

region of the sampler and skimmer downstream to the ion optical lenses. The plasma 

extraction process was studied by Langmuir probe in a home-made ICP-MS system. 

Langmuir probe methods are versatile and effective in plasma diagnostics [51-601. 
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The ion beam is characterized by spatially resolved measurements of electron density, 

electron temperature and floating potential measurements. 

This dissertation is composed of four papers. Each paper in the dissertation 

stands alone as a complete scientific manuscript with accompanying tables, figures 

and literature cited. Additional literature citations for this general introduction are 

given after the general summary and future research. 

The first paper of this dissertation is formatted for a general review 

publication, an invited paper for Spectrochimica Acta Reviews. The paper describes 

the methodology and basic concepts for extracting ions from atmospheric pressure 

plasmas for mass spectrometry. The fundamental and practical aspects for the 

instrument designs are discussed. Innovations of interface design, and new ion lens 

construction or arrangement are introduced. 

The second paper is also formatted for the journal Spectrochimica Acta. It was 

published in the Special Boumans Festschrift Issue (Spectrochimica Acta, 46B, No. 

6/7. pp. 805-817). The paper presents the results of the first beam property 

measurements behind the skimmer in an ICP-MS system. Beam properties were 

measured by Langmuir probe along the axial centerline of the beam flow. The 

feasibility of the electrostatic probe methods and the validity of the measurement 

results were evaluated for ICP-MS system. Electron density (4 is in the range lo8 - 

10'' cm-3 near the skimmer tip and drops abruptly to lo6 - 10' cm-3 downstream 

further behind the skimmer. Electron density in the beam leaving the skimmer also 



7 

depends on water loading and on the presence and mass of matrix elements. 

In the third paper, the spatial resolved profiles of extracted ion beam were 

measured through the skimmer orifice into the first vacuum stage of an ICP-MS 

instrument. By this way, the local plasma beam properties in both first and second 

vacuum stages could be depicted along the beam transport centerline. Some detailed 

information is provided about skimmer interferences around the skimming entrance. 

The fourth paper is the second part of a serial paper, the first of which is the 

Paper III in this dissertation. The paper discusses some electrical effects on the 

plasma beam flow during the extraction processes. Experimental results of plasma 

potential measurements are presented. The measured floating voltages are generally in 

the range of +2 to +5 volts. The RF voltages show a net positive potential in 

supersonic expansion that in agreement with a floating voltage measurement in the 

interface of ICP-MS. 
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PAPER I 

FUNDAMENTAL AND PRACTICAL ASPECTS OF 

EXTR4CTING IONS FROM ATMOSPHEFUC PRESSURE PLASMAS 

FOR ANALYTICAL MASS SPECTROMETRY 
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INTRODUCTION 

The last decade has witnessed the rapid growth of plasma source mass 

spectrometry in the analytical community. The combination of the inductively coupled 

plasma and mass spectrometry (ICP-MS) is a superior technique for trace elemental 

and isotopic analysis. 

In an atmospheric pressure ion source mass spectrometer, processes by which 

ions are extracted into the vacuum system for mass analysis has proved to be most 

critical in developing the analytical instrument. The mass analyzers and detectors have 

matured in other applications such as organic mass spectrometry. The extraction of a 

plasma, such as an ICP, at atmospheric pressure provides many benefits, including 

analytical ruggedness, low background, and straightforward and rapid sample 

introduction. In the present ICP-MS instruments, the extraction process behaves well 

enough for analytical purposes, even if all aspects of extraction are not fully 

understood . 
The ICP-MS technique historically stemmed from the development of the ICP 

as an emission source in atomic spectroscopy (AES) in the late 1960s. Reed designed 

a plasma torch which could sustain a spheroidal plasma using tangential gas flow in 

the field of physics (1). Annular ICPs for analytical purposes were developed in 1964 

by Greenfield (2) and in 1965 by Fassel (3). In 1978, the first analytical mass 

spectrometer with an ICP ion source was developed in Ames Laboratory and a paper 

! 
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was published in 1980 by Houk et al. (4). Even though the development of ICP-MS 

was more derived from atomic spectroscopy rather than from mass spectrometry, the 

earlier experience in extracting other plasmas and neutral beams with mass 

spectrometry are important in the instrument design. 

The systems used for ion extraction in ICP-MS are based on a long history of 

extracting ions from flames and other plasmas at atmospheric pressure (5-11). The 

concept for neutral beam extraction and then ionization by electron bombardment for 

mass spectrometry even originated about 40 years ago (12,13). Most of those early 

ion extractions with mass spectrometer were conducted for studying combustion 

processes and chemical reactions. The conventional combustion plasmas were not 

used as a means for analytical mass spectrometry, until Knewstubb and Hayhurst 

advised to use the concept of an "electrical flame" as an ion source for solution 

analysis. This special flame was reported with a high temperature near 5000 K 

contrast to about 3000 K in the other flames. A response in the analytical field was 

made by Alkemade (15), who suggested that the technique of Hayhurst should be 

coupled to an AA flame. At this time, the alterative plasma sources, which can offer 

a higher ionization temperature, started to grow in the analytical field and substitute 

the flame source for the elemental mass spectrometry. 

The high temperature plasma sources considered for mass spectrometry at 

atmospheric pressure, besides the ICP, mainly include direct current @CP) plasma 

and microwave-induced plasma w). By the time that ICP as an excellent ion 
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source for mass spectroscopy was recognized in the field, the efforts in MIP and DCP 

also turned to developing ICP-MS system. As a matter of fact, the initiation of the 

ICP-MS was inspired from the work done at Applied Research Laboratories by Gray 

and his colleagues (16,17), who had demonstrated the feasibility of using a capillary 

d.c. arc plasma as an ion source for a mass spectrometer. The coupling of the d. c. 

plasma with a mass spectrometer was based the ion extraction device in flame 

sampling mass spectrometry. The M I P ,  another possible ion source for mass 

spectrometry, was investigated by Douglas et al in Canada (18,19). Even though 

extracting ions with mass spectrometer from either the MIP and the capillary arc 

plasma was not as successful as with the ICP, their experiences in plasma extraction 

also contributed greatly to the development of ICP-MS. 

The introduction of ICP-MS started a new era in elemental mass spectrometry. 

In the early stage of the ICP-MS instrument development, the pioneering work was 

performed primarily in the three research groups: the Ames Laboratory at Iowa state 

University (4,20), the University of Surrey and VG instruments in Britain (21-26), 

and Sciex in Canada (27,28). By 1983, commercial instruments of ICP-MS were 

introduced by Sciex, Inc (29) and VG Instruments (30). Since then, ICP-MS has been 

growing rapidly and become a widely used technique in the analytical community. 

This can be indicated by about 10 ICP-MS manufacturers appeared in the marketplace 

and more than loo0 instruments installed through the world. 

The essential parts of an ICP-MS instrument are shown in Figure 1. The 
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success and the popularity of the ICP-MS mainly rely on its following unique 

features: low detection limit; simple spectra; multielement capability; large linear 

range and elemental coverage, and isotopic ratio measurement. 

This article describes methodologies and basic concepts for extracting ions 

from plasma sources. The description is focused on plasma extraction and ion beam 

formation in ICP-MS. Some of new developments and innovative designs are 

introduced. MIPS are included where appropriate and where different fiom the ICP. 

The extraction systems and the design criteria for other plasmas at atmospheric 

pressure can be very similar. Glow discharge (GD), an important low pressure ion 

source, will not be covered extensively. This chapter is not an attempt to have a 

complete review of ICP-MS, whose detection capabilities and the analytical 

applications have been reviewed extensively elsewhere (34-42). 
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ICP AS AN ION SOURCE 

The characteristics of the ion source are important for any mass spectrometer. 

A full discussion of the ICP configuration and properties is beyond the scope of this 

article, the reader is referred to the Refs. 4, 43, 44 for more detail. The descriptions 

below will concentrate on those aspects that are particularly pertinent to the ICP as 

ion source and to extraction processes for analytical mass spectrometry described 

below. 

General Features of ICP Ion Source 

ICP is an excellent ion source for elemental mass spectrometry. An ICP in a 

horizontal configuration generally used for mass spectrometer sampling is shown in 

Figure 2. The ICP is generated and sustained in a plasma torch with RF power 

applied to the load coil. Argon gas is supplied to the plasma generally in three 

separated flows through the torch. The tangential introduction of outer gas (- 15 L 

min-') into the torch forms a vortex-like patten in the region enclosed by the load coil. 

As compared with other atmospheric pressure plasma sources, the ICP make 

it a more suitable ion source for coupling with a mass spectrometer. The vortex flow 

create a low pressure zone in the center of the plasma, which provides a unique 

opportunity for sample introduction. Samples can be nebulized and carried by argon 

gas flow through the inner tube into the center of the plasma. The analytes then travel 
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through the plasma central channel and are vaporized, atomized and ionized. The 

most important characteristic of an ICP, however, is its high ionization temperature 

and ionization efficiency. 

Gas in the central channel of an ICP is heated mainly by radiation and 

conduction from the annulus. The gas kinetic temperature in the induction region of 

the plasma may be as high as 10,000 K and 5000 K in the central channel. The ICP is 

electrically neutral and contains equal numbers of positive and electrons. Neutral Ar 

atoms are by far the most abundant with the density about 10l8 ~ m - ~  and the ionization 

fraction - 0.1%. 
The plasma center flow forms three distinct zones: initial radiation zone, 

normal analytical zone and the plasma tail. The initial radiation zone contains mostly 

molecular species and atoms. The singly charged analyte ions, are mostly abundant in 

the normal analytical zone and it is from here ions are sampled into the mass 

spectrometer. As the ions flow further through the axial channel into the plasma tail, 

recombined oxides and air entertainment will increase. 

For ion extraction into mass spectrometer, it is desirable to understand the ion 

distribution in the plasma radially and along the central channel. The spatially 

resolved profiles of the ion intensity can be studied simply by moving the ion 

sampling interface of an ICP-MS across the plasma. An example as shown in Figure 

3, as Fe solution was nebulized and introduced into the plasma center (45). It can be 

clearly seen that the analyte ions are concentrated in the plasma central channel 
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surrounded by Ar+. The central channel is about 2 mm wide, which corresponds to 

the visualized dark center flow in the plasma. 

The plasma shape and the optimal sampling position can be changed by 

varying the aerosol gas flow, solvent loading and RF forward power applied to the 

load coil. As forward power increases, the plasma shape shifts and the maximum ion 

intensity moves upstream; while as solvent loading increases the plasma shrinks and 

the position of maximum ion density shift upstream. It is understandable that 

increasing nebulizer gas flow rate will move the initial radiation zone closer to the 

sampling cone of the MS. 

In practice, the optimal sampling position is determined by experimental 

adjustment. The ion sampling cone is usually very close to the torch mouth. From 

the profile measurements, it seems the position should be as close to the load coil as 

the torch and the plasma flow permit. As a matter of fact, it is determined by two 

processes, that is, diffusion and ionization. A longer the residence time favors more 

efficient ionization. However, the residence time cannot be too long. The plasma 

position with the high ionization efficiency may not give maximum ion signal due to 

the ion diffusion from the central flow. 

The gas flow is the one of the fundamental aspects that affect of the properties 

of the plasma. It determines the residence time of the injected species flowing through 

the plasma. Analytes typically will stay in ICP for several millisecond before flying 

through the sampler into the mass spectrometer. 
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Gas velocity distribution in the ICP has been studied by theoretical and 

experimental investigations (46-48). Barnes and Genna (46) measured the radial 

velocity profiles for a plasma with 14 L/min outer gas flow as shown in Figure 4. A 

high-velocity central flow region was reported approximately 1.5 mm from the central 

axial inside the torch. The flow velocity rapidly decreased with increasing height up 

to 12 mm above the coil. The gas flow toward the ICP-MS sampler can be - 20 m/s 

based on this measurement if the sampling position is 10 mm from the load coil. 

Cicerone and Farnsworth (49) reported that gas velocity in the central channel 

gradually increases with increase in axial height up to 25 mm above the coil. With 

increasing RF power the gas velocity was found to increase in the center channel of 

an ICP. 

For mass spectrometry sampling considerations, the flow velocity at - 10 or 

20 m/s above sampling cone may not contribute to the gas dynamic or electrical 

dynamic effects inside the interface of ICP-MS. Comparing the supersonic velocity 

(103 m/s) as the plasma extracting into the first vacuum stage, the gas flow from the 

torch should not significantly contribute to the ion kinetic energy. 

Ionization Conditions and Mechanisms 

1 

The quality of the ICP as an ion source was demonstrated long before it 

coupled with mass spectrometry. In ICP emission spectroscopy, monatomic, singly 

charge positive ions generally give the most prominent emission lines (50). Neutral 
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gas atoms, usually argon, are the dominant species in the plasma at a density of 

approximately lo** cm3. 

As shown in Table 1, most elements have first ionization energies below 10 

eV while there are none whose second ionization energies fall below 10 eV. It is 

known that most elements are highly ionized with larger than 90% efficiency. The 

efficiency of ionization for the plasma gas can be estimated from the Saha equation 

(42,52-55) for the ionization constant K M +  

M + M + + e -  

K,, = (nM++ n,)/nM = ne d(1-a!) (2) 

log K M +  = log &+/& + 1.5 (log") - 5040 EiJT + 15.684 (3) 

where a! is the ionization fraction; ne, nM+ and nM are the number density of 

electrons, ions and atoms, respectively; ZM+ and ZM are the ion and atom partition 

functions; TI, (K) is the ionization temperature and Ei, is the fist  ionization energy 

(ev). At an ionization temperature of 7500 K, the equilibrium number density of Ar 

ions is approximately 1.2 x 1015 ~ m - ~ .  Calculated values for degree of ionization (%) 

of M+ for the elements of the periodic table are shown in Fig. 5 (55). 

Formation of singly charged ions (M+) is very efficient, and Ar+ is the major 

ion present in the ICP. Only a few elements such as barium, lanthanum, and the rare 

earths form appreciable quantities of doubly charged species. The ratio M+2/M+ is 
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typically less than 2%; most elements have Mt2/Mt ratio several orders of magnitude 

lower. Few cases of interferences from doubly charged ions m+) occur, and these 

can be resolved by determining a correction (51). 

Many mechanisms have been proposed for ionization in the plasma including 

Penning ionization (56,57), charge exchange (58,59,60,61), and electron impact 

(62,63). All undoubtedly occur to some extent, but the question remains whether one 

or two are dominant. Other mechanisms such as radiation trapping (64,65,66) and 

ambipolar diffusion (67,68) may contribute to the atomic excitation in ICP emission 

spectroscopy and may not cause directly ionization. The three major reactions can be 

simply depicted as below: 

Penning Ionization: A P + M  A r + M + + e -  

Charge Transfer Ionization: Ar+ + M 4 Ar + M+ 

Electron Impact Ionization: M + e += M+ + 2e- 

The Penning ionization reaction was first postulated as a major mechanism in 

ICP emission spectroscopy. In this reaction, argon-metastable atoms (AP) are first 

formed in ICP and then react with andyte atoms (M) to form analyte ions @I+). The 

number density of AP can be predicted from the Saha and Boltzmann equations at 

about 5 x 1OI2 cme3. The measured number density of Ar" was reported to be 2 x 10'' 

cmV3 (218-220), which is not overpopulated compared to the calculated value from the 
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experimental T,, and n,. The results indicates the Penning mechanism is not an 

important source of M+ ions. 

In the charge transfer reaction, the analyte atom 0 is ionized by transferring 

the charge of Ar+ to analyte ion. The ionization potential of M must be lower than 

that of Ar, 15.67 ev. The charge transfer reaction is more efficient if the excited 

electronic levels of the analyte ion are close to the first ionization energy of Ar. The 

number density of Ar+ (- 

cab not be significant in an ICP. 

is much larger than that of AP, so charge transfer 

The ICP is known as an universal, general ion source. It is remarkable in that 

it excites maximum emission from hard lines at same time and place. Therefore, 

general, non-selective mechanism for ionization must be dominant. Such a general 

ionization mechanism must be electron ionization @I). The Penning and charge 

transfer processes may supplement ionization by E1 to some extent. 

Polvatomic Ions 

Although ICP-MS is a highly successful method for trace and ultra-trace 

elemental analysis, it still suffers problems of spectral interferences. For a large 

number of elements, the singly charged elemental analyte ion (M+) is by no means 

the only analyte species that is observed. Polyatomic molecular ions cause isobaric 

overlap that complicates the detection of analyte. 

In general, oxide formation from major and matrix elements is the most 
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serious problem. There is considerable debate as to the origin of polyatomic ions. The 

extent of the polyatomic interferences may depend on sample type, sample 

nebulization, plasma generation, and instrument operating conditions. There have 

been statements in literature claiming that oxide ions are made during extraction 

process. Evaluations can be made by calculating the approximate amount of such 

species in the ICP. 

The ICP is normally considered to be efficient atomization source. Suppose 

TgU is approximately 5000 K, as determined by the Doppler widths of emission lines 

and Rayleigh scattering (134), the extent of dissociation of oxide species (Mot) can 

be estimated from following equations (127) 

MO+ M+ + 0 

(9) 

where n is the number density ( ~ m - ~ )  and the subscript indicates the species. I& is the 

dissociation constant; 2 is the electronic partition function, T is temperature in K; k 

Boltzmann’s constant, Ed and T are the dissociation energy and dissociation 

temperature of MO+, respectively. 

One can simply guess the partition function values, estimate the extent of 

I 
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dissociation in ICP, and then use Saha Equation to calculate relative ionization yield 

for each species. Douglas estimated (69) atomic oxygen concentration is 

approximately lot5 to 10l6 cm-' and a MO+/M+ ratio of about 0.01 to 0.1. The 

theoretical calculations are also valid for other molecule ions, although much more 

complicated to know partition functions. 

It can be observed that tough oxide ions would seem to remain in plasma and 

are not fully dissociated. This agrees with studies of Douglas and Longerich (69,70). 

The weakly bound adduct ions like ArO+, Ar2+, and ArM+ probably are not present 

in ICP. These are most likely formed during extraction. This question will be 

addressed below when considering collisions during extraction. 

Negative Ions 

Elemental studies using ICP-MS with positive ion detection can give high 

analytical performance for most of the elements in the periodic table. However, some 

elements such as halogens remain difficult to detect. The negative-ion mode is quite 

common in organic mass spectrometry to measure halogenated compounds. 

Several works have investigated negative-ion mode ICP-MS for determination 

of the halogens (71,72,73). The advantage of this approach for ICP-MS is that the 

spectrum is absent of the background interferences from positive ions such as Ar+. 

Ionization of an element such as F can be expressed by the equilibrium 

F- *, Fo + e- (10) 
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The energy required is the electron affinity of F. It is analogous to the ionization 

energy, Ei,, of F ion. This value is 3.5 eV for F, which is the highest value for any 

element. Yet Na (IE = 5 ev) is quite efficiently ionized in ICP, so F should be 

"ionized" to F even more efficiently. Other elements will show still less tendency to 

remain as stable X- in ICP. This explains the basic reason for the usual poor 

sensitivity for negative ions from the ICP. 

Fulford and Quan (73) estimated that approximately 10' fewer negative ions 

(Cl-) than positive ions (Cl') in the ICP. However, they found that the sensitivity for 

the negative ions of the halogens is comparable to those in the sensitivity for the 

corresponding positive ions. The results may suggest that negative ions do not 

originate directly from the plasma but rather from electron capture or reaction 

downstream of the beam expansion. 

In the negative-ion mode, a major handicap arises from the presence of a high 

background level across the whole mass range studied (71,72). The high noise level, 

by comparison with the positive-ion mode, is attributed to the electrons that reach the 

detector. In the positive-ion detection, electrons must overcome the energy barriers to 

find their way to detector. No electron will have enough kinetic energy to pass over 

-3 kV at the entrance of the detector. 
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Noise Characteristics 

The plasma is a relatively noisy ion source. The noise signals can directly 

influence the precision, detection limits, and dynamic range of ICP-MS 

measurements. In general, precision in ICP-MS is poorer that in ICP-AES. 

Fundamental studies of the source noise characteristics can provide physical insight 

and possible ways for further instrument improvement. The signal-to-noise ratio is 

often measured to evaluate the analytical performance; however, a more fundamental 

understanding of the noise characteristics requires a knowledge of the noise power 

spectrum (NPS). 

Houk et aZ(74) investigated the noise power spectrum of "Rb+ and %J%+ in 

an ICP-MS and found that the plasma is the source of discrete frequency noise in the 

mass spectrometric signal. The discrete noise frequencies can be af'fected by changes 

in plasma gas dynamics due to interaction between the plasma and the mass 

spectrometer sampling interface. The major source of signal instability in the 

inductively coupled plasma mass spectrometer was found to be l/f noise. Figure 6 

compares the noise power spectra of the ion signals from emission and mass 

spectrometer. 

Furuta et aZ(75) identified mostly white noise in the ICP-MS background 

signal and indicated that the low frequency noise (0-10 Hz) was primarily the result of 

pulsations introduced by the peristaltic pump. Audio-frequency noise (200-350 Hi) 

was similar to that noted in ICP-MS measurements. 
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The sample introduction process is typically the main source of flicker noise in 

ICP-MS. Luan et aZ(76) described noise characteristics of the aerosols generated by 

ICP nebulizers. Discrete frequency noise in the aerosol generated by a Meinhard 

nebulizer or a direct injection nebulizer (DIN) is primarily caused by pulsation in the 

liquid flow from the pump. The noise can be eliminated by use of a pulse-free pump, 

such as a gas displacement pump or a dual piston HPLC pump. A Scott-type spray 

chamber provides lower white noise than a conical, straight-pass spray chamber. A 

large amount of l/f noise was observed for an ultrasonic nebulizer. This l/f noise can 

not be attenuated by adding carrier gas flow in the chamber as in pneumatic 

nebulizers. 

The ICP is sometimes considered to be a quiescent steady-state source. 

Actually, it is a dynamic system when observed with a time resolution on the 

millisecond scale. ICP emission intensity fluctuations occurring on a tens of 

microsecond time scale have been investigated by Olesik et aZ. (77, 78, 79), Cicerone 

and Farnsworth (49), and Horlick et al. (80). 

Hobbs and Olesik (81) studied the signal fluctuations on a microsecond scale 

in ICP-MS. Large signal fluctuations due to individual aerosol droplets or vaporizing 

particles were observed by monitoring atom and ion emission intensities in front of 

the sampling cone. They found that the signal fluctuations in some cases could be 

larger than 1 order of magnitude on - 20 microsecond time scale. Analyte signals 

are depressed near incompletely desolvated droplets and enhanced near vaporizing 
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analyte particles. The nature of ICP-MS signal fluctuations at a fixed sampling 

position is critically dependent on the aerosol gas flow rate. The results indicated that 

the poorer precision typically observed in ICP-MS in comparison to ICP-AES could 

be at least in part due to such fluctuations in the sampling process. 

The plasma itself also fluctuates on a ms time scale, whether droplets/particles 

present or not. The fluctuations persist in ICP-MS signal and show up as noise. The 

high-speed motion photographic studies in Ames Laboratory (82) show that the noise 

peaks are caused by swell and contraction of the outer gas when air is entrained. Such 

peak frequencies in the emission measurements can be eliminated by using a long 

extension of the outer tube of the torch. 

The plasma fluctuations in ICP-MS can also be visualized effectively by using 

high-speed motion photography (83,84,85). Houk et aZ(83) used fulmost a framing 

rate of 3000 frames s-' while the plasma was sampled for MS. It was found that the 

axial channel expanded and contracted periodically at frequencies of 260-300 Hz, 

depending on operating conditions. The frequency of the observed fluctuations 

decreased as the sampling distance increased. Emission from vapor clouds 

surrounding the aerosol droplets or particles was observed flowing along the ICP 

central channel and are readily drawn into the sampling orifice. Transit of these large 

particles through the ICP could also contribute to flicker noise in the signal observed 

by the MS. 

More recently, Gray et aZ. (85) investigated the plasma instability by 
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photographic observation together with noise power spectra. That the audiofrequency 

peak and its harmonic can be removed by using a bonnet over the torch extended the 

outer wall to beyond the aperture. 
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PLASMA EXTRACTION PROCESS 

Ion Sampling from Plasma Source 

Ions generated at atmospheric pressure in an ICP are sampled through a small 

orifice into a vacuum system for mass analysis. The sampling interface and the 

plasma source generally used in ICP-MS are shown schematically in Figure 7. 

In the early days of ICP-MS, a single cone with a small (50-70 pm) orifice 

was used. The arrangement was similar to that used in other atmospheric pressure ion 

sources (86,87,88,89,90). However, condensed solids readily plugged the pinhole- 

sized orifice when real samples were analyzed, and levels of metal oxide ions 

were high (4,20,21,22). As soon as the diameter exceeded 120 pm a discharge 

formed near the orifice. 

The extraction interface used in modern ICP-MS is very similar to those used 

in chemical physics for generating low temperature molecular beams (91,92) or for 

sampling ions from flames or other plasmas (8,9,14). In a typical ICP-MS instrument, 

the circular orifice in the tip of the cooled sampler cone is about 1 mm diameter. 

These problems in the early ICP-MS designs were solved or partially solved by using 

the fairly large sampling orifice and an additional cone (called a skimmer) to form a 

differential pumping system. 

The plasma flow from the central channel of the ICP enters the orifice from a 

cross-sectional area of approximately 8 times the orifice diameter. The gas flow is 
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evacuated by a mechanical pump that maintains a pressure on the order of 1 torr. A 

supersonic jet thus is formed after the sampler in the first vacuum stage. Some 

fundamental aspects of sampling and supersonic beam formation will discussed below. 

SuDersonic Jet Formation 

Supersonic nozzle beam sources for dynamic sampling of ions and molecules 

have been in use since the pioneering work of Kantrowitz and Grey (93) in 1951. The 

sampling system used in ICP-MS is based on the work of Campargue (92,223,224), 

who systematically studied the supersonic jet for molecular gas expansion at a larger 

source pressure. A schematic view of the supersonic gas expansion into the vacuum 

chamber in ICP-MS is given in Figure 8. 

The flow field of the expansion is shielded from the background gas by shock 

waves, the so called Mach disk and the barrel shock. The barrel shock and Mach disk 

are caused by collisions between fast atoms from the jet and the background gas. The 

undisturbed inner region inside the barrel shock wave is called the "zone of silence". 

The visual observation of the Mach disk and the barrel shock in an ICP-MS 

instrument has been reported by Gray (94). 

The thickness of shock waves is of the order of several mean free paths for 

gas molecules.in supersonic expansion conditions. The barrel shock and Mach disk 

may be no longer evident visually at low enough pressure (95). The structure of free 

jets has been studied theoretically and experimentally for conventional molecular 

, 
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beam expansions (96,97,98). 

Gas Dynamic Flow and Beam ProDerties 

Studies of the aerodynamics of free jets produced from plasma ion sources 

have proved that the ion beam flow can be described by the same theory used for the 

conventional molecular beam expansion (99-101). Douglas and French present a 

complete discussion of the gas dynamic properties for the ICP-MS instrument (102). 

The pertinent features of the free supersonic expansion in ICP-MS are discussed 

below assuming the ion beam process follow the gas dynamic features only. The other 

interfering forces such as electrical interactions will be discussed separately later. 

Once the sampled plasma passes through the sampling orifice, the gas expands 

adiabatically into the low pressure region (a few torr) to form a supersonic beam. 

Through the expansion process, the thermal energy of the gas molecules or atoms are 

converted to directed motion. The flow velocity can exceed the local speed of sound. 

The isentropic relation between the gas flow speed (ii) and the local speed of sound 

(a,) can be expressed by the Mach number (M) 

M = ii/a, 

The ratio of ii to a, reaches 1 (M = 1) at a distance of 0.5 orifice diameter 

downstream of the sampler. The Mach number increases from M < 1 to M = 1 at the 
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throat and the gas expands into supersonic flow with M > 1. The flux of gas flow F 

(atoms/sec) through the sampler orifice M = 1 can be calculated from (103) 

G,, = 0.562 A' no a,, 

a, = (7kTJm)'" 

, 

where A' is the cross-section area of the sampler orifice and no is gas number density. 

In the typical ICP-MS with an Ar plasma, a, = 1.3 x lo5 cm s-I, A' = ~@,,/2)~, Do 

= 0.1 cm, y = C,/C, = 5/3 for Ar, k is Boltzmann constant, m = 6.67 x lo-= 

g/atom for Ar gas. Assuming no = 1.5 x 10" cm", To = 5000 K, the flux of gas 

flow is - 8.6 X 1020 atoms s-l. 

The centerline Mach number at a distance X may be described by (104,105) 

where A (flow density ratio) and Xo (distance measured in orifice radii) are constant, 

A= 3.26, and XJD = 0.075. 

As the gas expands in the jet, the density and temperature decrease along the 

streamline. By using the one-dimensional gas dynamic relations, expressions for the 

density field 
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and temperature, 

TJT = 1 + M2 (~-1) /2  

may be obtained, assuming isentropic flow. 

In addition, the velocity at any axial distance may be calculated. At a Mach 

number of about 5, which corresponds to an X/D of 2.5, the gas flow velocity will be 

constant at nearly the terminal velocity 

For Ar plasma 

where To the source gas kinetic temperature, and m the mass of the plasma gas. Thus, 

the bulk gas velocity in the free expansion will be determined by the source 

temperature. In the typical ICP-MS, assuming To = 5000 K at the sampling position, 

u = (5KI'Jm)'" = 2.3 x lo5 cm 6'. 

Within the supersonic jet, the density decreases along each streamline in 

proportion to the inverse square of distance from the source. The number density at a 



32 

position, n (x), can be calculated from (104) 

n(x) = 0.161 no (x/D0)" 
I 

The density of the expansion gas decreases rapidly with increasing distance 

from the sampler orifice. The free-jet expansion is surrounded by a barrel shock and 

terminate in a perpendicular shock wave known as the Mach disk. In the case of ideal 

expansion, the flow velocity in the expansion region or the zone of silence will be 

almost constant and the enthalpy of the source gas will be converted into directed 

flow. The Mach disk location X,, i. e., the axial distance from the sampler orifice to 

the onset of the Mach disk, is related to the pressure ratio by (103) 

X, = 0.67 Do (PJP1)'" 

where Do is the orifice or nozzle diameter; Po is the pressure of plasma source and P, 

the background pressure of the first vacuum chamber. The relationship has been 

confxmed experimentally for 15 < PJPI < 15,000 (105). 

X, is fully determined by the pumping speed available in the area near the 

nozzle. For example, if Do = 1 mm and P1 = 1 torr, X, can be estimated as 15 mm. 

The expansion will shrink (i.e. X, decrease) if a smaller pump or narrower pumping 

line is used. 
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The location of the Mach disc is important in determining the skimming 

position in order to obtain the maximum intensity in ICP-MS. Douglas (69) compared 

the measured and calculated gas flow through the skimmer of an ICP-interface at 

three different pumping speeds, and found the measured flow was in general 

agreement with the calculation. Kawaguchi (131) describes optical observations of a 

supersonic jet formed downstream from the sampling orifice using a quartz vacuum 

chamber with an ICP ion source. The experimental data for determining the location 

of Mach disc fit Eq. 19 very well. The observations indicate that the spatial locations 

of the Mach disc, the barrel shock and the zone of silence are similar to those 

expected from a supersonic molecular beam with neutral gases. 

The density decreases along the streamline in proportion to the inverse square 

of distance downstream of the sampler. If charged species behave the same as the 

neutral gas, the above description is also suitable for ions and electrons. Thus, 

1 
n, = - 

x 

where n, is the number density of electrons or ions at a axial position X downstream 

of sampler. A straight line should be obtained by plotting n, vs. the l/x if the flow 

follows the gas kinetic description. 

I 

Even through the gas dynamic force may dominate in the first extraction stage 
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in an ICP-MS instrument, the free jet expansion may be perturbed in several ways 

and the beam movement may depart from the ideal beam description. Those 

interference effects can directly influence the analytical performance of the ICP-MS as 

discussed below. 

Effects of Boundary Laver Formation 

As the plasma flows around the metal sampling cone, a thick boundary layer 

outside the sampler will be formed because the sampler is cooler than surrounding gas 

and the gas is cooled by thermal contact the cone. This is similar to the wave around 

the nose cone of a space vehicle re-entering the atmosphere. 

The boundary layers affect neutral and charged species alike, and lead to 

changes in the velocity, temperature and composition of the bulk plasma before they 

pass into the mass analyzer. Figure 9 is a schematic diagram showing the boundary 

layer formation around the sampler tip. 

Chemical reactions such as oxide formation occur readily in the cool layer, as 

can be seen by the red color near the metal surface when a concentrated solution of 

yttrium is introduced into the plasma. Physical interactions such as recombination, 

reflection and collision will also happen on the interface wall. When the pinhole-sized 

sampler orifice was used (< 100 pm) in the early instrument design, it was mainly the 

boundary layer that was sampled into the vacuum system for mass spectrometric 

analysis (4,16,17). It is undesirable that the oxide species formed in the boundary 
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layer surrounding the orifice are extracted into the mass spectrometer. 

It is usually accepted (106,107) that if the orifice diameter exceeds a value of 

100 X (x is gas mean free path) in front of the entrance, the gas flow will break 

through the boundary layer. Thus, the size of the sampling orifice should be large 

enough compared to the mean free path of the gas extracted at sampler so that the 

behavior of the expansion can fall into the continuum flow regime of gas dynamics. A 

minimum orifice diameter of 100 pm at 5000 K is needed to provide uninterrupted 

flow from the plasma into the vacuum system. 

Mean free path along the axial position (x) inside the interface of an ICP-MS 

instrument can be calculated from 

X = (a nJ-* = (42 P D2 nJ-’ 

where D = atomic diameter of Ar = 3.8 x 

neutral atoms. Taking the number density n, = 1.5 x 

approximately 1 x mm at the sampling entrance. 

cm and a = cross-sectional area of 

the mean free path is 

In a modem ICP-MS instrument, the sampling orifice (diam. - 1 mm) is 

large enough for the plasma to flow through without interference by the boundary 

layer around the edge of the sampler tip. The gases sampled form the plasma source 

are therefore not cooled much by interaction with the sampling cone. However, even 

though the boundary layer may not be in front of the entrance, it contains cooled 

t 
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plasma species all around the edge and some may be entrained by collision with 

plasma gases. 

Effects of Electrical Sheath Formation 

The sampling cone is an electrical conductor. As the sampler is inserted into 

the plasma, an electrostatic double layer will build up next to the surface of the cone. 

The zone, known as the space charge, sheath co-exists with the boundary layer. The 

sheath is no longer electrically neutral, and charge carriers from the plasma can be 

neutralized as encountered with the sheath on the surface. Growth of an extended 

space-charge sheath may modify the beam properties by electrical interactions and the 

beam may not represent the bulk plasma anymore. Figure 9 shows the charged double 

layer together with the gas boundary layer around the sampler surface. 

The plasma is mainly neutral argon. It contains about 0.1% ions and electrons. 

Since the original material used to create plasma is neutral and we do not deliberately 

add or take away charges, the plasma as a whole should be electrically quasineutral. 

Ion density is balanced by equal electron density. If both electrons and positive ions 

go to the metal cone, electrons are much more mobile, and a sheath will form around 

cone with primarily positive ions. 

The gas dynamic theory of a free jet expansion describes the movement of 

neutral species. If there is no electrical interaction at the sampling orifice, the ion 

beam will simply follow the behavior of the neutrals and the beam will remain quasi- 
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neutral. In this case no charge separation occurs as the plasma proceeds through the 

sampler. Experimental studies of the supersonic beam properties with other RF 

plasmas have demonstrated that the plasma could retain bulk characteristics after 

sampling through the orifice into a low-pressure chamber (97,99,107-110). 

In modem ICP-MS instrument, it is generally believe that the bulk properties 

of the plasma remain unchanged as the plasma flows through the sampling orifice 

(102). The thickness of the electrical sheath can be estimated from Debye length AD 

calculation, 

AD (cm) = 6.9 (T,/nJ1' 

where eo = permittivity of free space, k = Boltzmann constant, e = electron charge, 

T, (K) is the electron temperature and n, ( ~ m - ~ )  the electron number density at the 

position of sampling entrance. The value of A, is about 104 mm at the entrance of the 

sampler. The thickness of the sheath should be of the order of a few Debye lengths. 

Because AD < < Do , the plasma should expand through the sampler orifice basically 

as a quasineutral plasma. 



38 

Secondary Discharge and Ion Kinetic Energv 

The plasma can arc strongly to the sampler. This discharge was called as 

"pinch" effect in the early work (112), it is now usually referred to as a secondary 

discharge. Douglas and French (113) found that the discharge is not a true electro- 

gas dynamic effect but rather appears to be simply an electric arcing between the ICP 

and the sampling cone. A severe discharge can cause numerous problems, including 

orifice erosion, high background emission, multiply charged ion formation, high ion 

energy, and high kinetic energy spread. 

The secondary discharge is caused by a high radio frequency voltage induced 

capacitively in the plasma. The plasma is maintained by RF energy and the potential 

applied on load coil can couple to the plasma capacitively. Plasma, as good 

conductor, is connected to the grounded sampler through the low impedance of the 

sheath. The RF current flow to the grounded sampling cone is modified by the 

different mobilities of ions and electrons in the sheath. Because electrons are more 

mobile than ions, the plasma assumes a net mean positive DC potential. The 

phenomenon has proved by numerous experimental studieswith Langmuir probe 

measurements (1 13- 1 19). 

The severity of the secondary discharge depends on load coil geometry and 

grounding arrangement. There are two basic types of coil arrangements: 1). end- 

tapped coil, or unbalanced coil; 2). center-tapped coil, or balanced coil. Either coil 

arrangement can yield good analytical results with proper care. 
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With the unbalanced coil, RF voltage is applied on one end and the other is 

grounded. This type has two different arrangements used in ICP analytical instrument, 

the conventional or normal geometry and the reverse geometry (Fig. 10). The reverse 

coil is usually used in ICP-MS by grounding the end of the coil nearest to the 

interface to reduce the electric field close to the sampling cone. The coil geometry 

shown in Fig. 10a is mostly used in ICP-AES. Because the coil is unbalanced, one 

can still either see visual discharge or observe telltale symptom of discharge under 

certain plasma conditions. With this coil arrangement, the discharge may be 

minimized by such as closer the sampling interface to the end of coil; lower aerosol 

gas flow; using higher forward power; and adding sample as dry as possible. 

With the balanced coil, either the center-trapped (Fig. 1Oc) or the new design 

from free-running generator, little or no discharge can be seen under any plasma 

conditions. Plasma potential and ion kinetic energy depend only slightly on plasma 

operating conditions. The center-tapped load coil arrangement was introduced by 

Douglas and French (113) in attempt to reduce the plasma potential. The impedance 

matching networks used in the end-tapped and center-trapped arrangements are shown 

in Figure 11. It was found that the plasma RF potential can be greatly reduced with 

the modified load coil. If the ground is near the center of the coil at C, point B and D 

will have nearly equal RF amplitude but will have opposite phases. The sum of the 

effects of the capacitively produced voltage will then cancel. 

All species in the gas are accelerated to the same speed as neutral Ar in the 
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supersonic jet, therefore the ion kinetic energy is dependent on mass. If the plasma 

potential is small, the ions reach the same speed as the terminal velocity u. The 

kinetic energy E(mJ for an element ion of mass mi is 

E(mJ = 1/2mi$ 

E(mJ = (mi/m,) EAr 

where EAr is the energy of the argon ions and m, the mass of argon. A straight line 

should be obtained by plotting of the ion energy versus mass. Since the residue 

potentials contribute to the total ion kinetic energy, the ion energy are more 

accurately described by (69) 

E(mJ = (mi/m,) EAr + Vp 

where Vp is approximately the plasma potential inside the interface of ICP-MS. 

The ions originate from a region in the ICP ion source is positive with respect 

to the grounded sampling cone. As ions in the plasma flow through the orifice they 

are accelerated across this potential difference to higher kinetic energies than they 

would get just from the expansion alone. The values of offset potential (VJ vary with 

the different load oil geometry (94,121,129), aerosol gas flow rate (129), and amount 

of solvent load (122,141). 
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Diagnostic Studies of Ion Sampling Process 

Essentially, the plasma should be extracted though sampler without major 

changes in chemical composition, except perhaps for formation of weekly-bound 

adducts with Ar. The mass spectrometer can be simply used as a diagnostic tool. The 

mass spectra will be reasonably reflective of probable ionic composition of ICP. 

Ion electron recombination is unlikely significant because of short time frame 

(- 3ps) of collisions during extraction. Ionization temperatures can be determined by 

ICP-MS measurements (127-129) as a diagnostic parameter. If recombination was 

significant, it would not be seen that reasonable value of Tim by mass spectrometric 

measurements. Collisions may still be rich for the first few orifice diameters and 

essentially less collisions at high Mach number region within the jet. With the gas 

velocity u - 3 x 1@ cm s-', it will take about 3 p s  for the plasma to flow from the 

sampler to the skimmer. This corresponds to approximately 250 collisions between 

neutral Ar atoms and other species as estimated by Douglas and French (102). Thus 

there will be enough collisions to cause Ar adduct formation such as ArH+, Ar2+, and 

ArO+. More of such adducts can be seen than would be expected from the ICP alone. 

The density of oxygen species in the plasma should be much less than that of neutral 

Ar, so it would not be expected to have much MO+ during extraction, unless the 

cross-section for oxide formation between M+ and 0 were very large. 

Fluorescence studies (130) indicate that there is little neutral sodium Na inside 

the zone of silence of the free jet, which shows that little ion-electron recombination 
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occurs during the initial extraction and supersonic expansion. Gas kinetic temperatures 

Tgw in the Mach disc region are of the order of 2200 K, as determined from linewidth 

and OH measurements. Collisions in the Mach disc re-heat the sampled gas 

substantially. These observations substantiate previous theoretical descriptions of the 

various properties of supersonic expansion from an ICP source. 

The electron number density (ne) and electron temperature (TJ are two 

important parameters to describe the properties of the extracted beam. Langmuir 

probe studies (1 14,132,133) indicated that T, in the jet at least as high as that in the 

ICP. This possibly is the evidence that T, is enlarged by interaction between plasma 

and sampler. Figure 12 presents a profile of the measured T, at 1.0 l/min aerosol gas 

flow rate in the fnst stage between the sampler and the skimmer. The magnitude of T, 

decreases as the beam proceeding downstream. Generally, T, increases as the aerosol 

gas flow rate increases, as power decreases, and as water loading increases. These 

results are opposite to the trends that would be expected from the ICP itself (134). It 

is believed that the high T, value is due to the residual discharge that is not overly 

strong if plasma conditions are adjusted properly. 

The dependence of neutral gas density on the axial position in an ideal 

supersonic expansion is well-known and the profiles of electron number density 

measured between the sampler and the skimmer demonstrated a 1/x2 fall off along the 

axial centerline of the plasma flow except at the position very closing to the skimmer 

cone (Fig. 13a and 13b). It is indicated that the movements of ions or electrons are 
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very similar to the neutral beam expansions in the supersonic jet. The experimental 

results support the hypothesis that the charged particles flow though the sampler as a 

quasineutral plasma without significant separation of positive and negative charges. 

Measurements of the ion kinetic energy can also be useful for diagnosis of the 

ion sampling conditions in ICP-MS. The ion kinetic energy can be’measured by 

applying a positive stopping voltage to the quadrupole mass analyzer and the ion-optic 

lenses (114,120-124,165), or by means of retarding plates installed in the MS system 

(126). The studies have demonstrated that the ion kinetic energy does indeed increase 

with mass and slightly vary with plasma operating conditions. The results from the 

experimental measurements with a center-tapped load coil (121) and reversed load coil 

(129) are shown in Figure 14. The intercepts of the plots are dl not zero, which 

indicate residual plasma potential existing in the ion beam. A offset potential of - 2 

eV (Fig. 14a) is resulted from a system with the center-tapped load coil, and a higher 

potential over 5 eV from a house-made Ames instrument with a reversed load coil 

(Fig. 14b). It can be seen that varying the aerosol gas flow slightly changes the ion 

kinetic energy. By simply increasing the solvent load, Hutton and Eaton (122) 

reported that the ion kinetic energies can be altered from 3-5 eV to 10-12 eV across 

the mass range. 
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SKIMMING PROCESS 

Skimmer @eration 

Kantrowitz and Grey [93] designed the first skimming system with an 

axisymmetric converging-diverging nozzle and described theoretical treatments for the 

ideal skimming with isentropic beam expansion. The success of using skimming 

technique in ICP-MS were fust demonstrated by Douglas (27, and Date and Gray 

(25) based on the early molecular beam work of Campargue (91). A diagram of the 

skimmer arrangement is shown in Figure 15. 

Proper functioning of the skimmer is the key to success in nozzle beam design. 

Figure 16 gives the schematic picture of the skimming position relative to the Mach 

disk in a supersonic jet extracted from an ICP, a) skimming position behind Mach 

disc; b) skimming position at Mach disc; b) skimming position at -2/3 of the jet 

from sampler orifice; d) skimming position too close to the sampler orifice. 

In practice, if skimming at a position X, > &, the shock wave forms in front 

of the skimmer and the skimmed ion beam will be dominated by effusion of ions that 

have been scattered by the shock (135). For X, - &, the maximum beam intensity 

will be obtained and background gas will be also entrained. For X, < &, the 

skimmer is inserted inside the jet at a proper position, penetration by background gas 

will minimized. As skimming position very close to sampler, the supersonic beam is 

not well developed and it may make ion collection and focusing more difficult. 
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A number of unanswered questions remained. Most important of these is the 

question of whether the gas could pass though the skimmer without interference. The 

interaction of the jet with the skimmer may cause a nonideal beam and some 

attenuation of beam intensity will occur at high jet density. 

Plasma Flow through Skimmer 

In the ideal skimming condition, the skimmer should be not affect the 

upstream flow and should be no shock formed at the tip and downstream. The flux of 

gas flow through the skimmer is given by 

where X, is the distance from sampler orifice to the skimmer tip, u(x$ the flow speed 

at the skimmer, and A, the area of the skimmer entrance. For a ideal skimming 

process, n(x$ and u(x$ can be calculated from the descriptions of supersonic jet 

(Equations 16 and 15) provides the skimmer tip is well within the zone of silence. 

If neutral density no at the sampling entrance is 1.5 x 1OI8 ~ m - ~ ,  skimming 

position at 10 mm downstream from the sampler and the skimmer orifice diameter D, 

= 1 mm, the neutral density at the tip the skimmer can be calculated (from Eq. 19) to 

be approximately 2.4 x 1015 ~ m - ~ .  Taking u = (5 l~TJm)~~  = 2.3 x lo5 cm s-', the gas 

flow through the skimmer should be about 4.3 x lo'* atoms/s. 
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Douglas (225) compared the measured and the calculated flow through the 

skimmer of ari ICP-MS interface (Fig. 17). The interface had a sampler of 1.14 mm 

orifice diameter and sampler of 0.88 mm orifice diameter. The dashed line shows the 

beam flow profile calculated from Equation 23. The measured flow profiles at three 

different pumping speed clearly show the corresponding Mach disk positions. The 

results of measured beam flow through the skimmer show a systematic deviation from 

the theoretical calculation which is greatest at small X,. 

For a given skimmer shape the flow may be characterized by the skimmer 

Knudsen number (Kn). The interferences can be minimized by operating the skimmer 

at large Kn (Kn > 1). Knudsen number is basically the ratio of mean free path X to 

the size of an object immersed in the flow. For this calculation 

a2 = collision cross section for AI- atoms' = 4.1 x cm2 [1*21 

Because the mean free path and flow characteristics of the expansion change 

with axial position, Kn also must be calculated separately at each position. The 

neutral density is assumed to drop proportionately to 1/x2, as described above. 

As stated earlier, the Knudsen number in our system is less than unity (-0.24). This 

is close to the calculation of Kn = 0.3 in Elan Sciex ICP-MS reported by Douglas 

(102). Therefore, it is reasonable to believe that the collisional frequency is still 
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considerable at skimmer orifice and consequently the beam flow may be interrupted 

by the presence of the skimmer cone. 

Ar atoms (majority specie) in the plasma gas can reflected from the external 

and inside surface of the skimmer and formed shock wave in the beam process. Such 

effect will depend on the density of the jet approaching the skimmer. For a very low 

gas density in the supersonic expansion, Kn > > 1, the flow is nearly free molecular 

and the scattering is negligible. For higher density plasma beam as in the first stage of 

the ICP-MS instrument, Kn < 1, the flux of the plasma gas is believe to be 

sufficiently high to drive Ar atoms reflected in front of and inside the skimmer and 

shock wave may be formed around the skimming entrance in a severe case. The 

density of the neutral Ar atoms is about 2 x 1015 cmW3 at the skimmer entrance. With a 

large number of collisions, the ion movement will become more randomly directed. 

Therefore ions have a great chance to interact with the skimmer wall and scattered 

away from the beam centerline or lost by neutralization on the wall. 

Niu and Houk (133) measured the electron densities inside the skimmer tip as 

given in Tables 2 and 3. The measured n, values are below those expected from the 

1/x2 fall of ne in the supersonic jet. For an ideal skimmer, the electron density behind 

the skimmer would continue to drop with the same dependence as described for beam 

expansion in a supersonic jet. Instead, the measured values of n, behind the skimmer 

are much lower than those expected and the attenuation of the number intensities are 

more sever in the wet plasma conditions. The ratio of measured ne to the calculated ne 
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decreases as aerosol gas flow increase at the simmer entrance. 

Quadrupole-based ICP-MS devices measure roughly one andyte ion for every 

104 to 106 analyte ions through the skimmer. The low ne values behind the skimmer 

represent one possible contribution to ion loss and overall inefficiency in ion 

extraction in ICP-MS. 

If the plasma beam flow through the skimmer without perturbation, it should 

continue to expand isentropically with the number density fall off in the scale of 1/x2 

from the sampler orifice. The experimental studies by Niu (133) indicated that the 

skimming process is far from ideal and a second expansion may exist as the beam 

flow downstream of the skimmer in a home-made ICP-MS instrument. The 

interferences in the beam processes are believe mainly caused by the gas interactions 

with the metal surfaces. A shock wave can be formed near the skimmer tip or inside 

the skimmer and scatter the beam in the centerline of the gas flow. 

The electrostatic effects may be no significant in the region until the beam 

approach to the region of the ion optic lenses. Under the normal operation conditions, 

the plasma pass through the skimmer should remain quasi neutral. Electrical forces 

that possibly affect the beam processes at and after the skimmer will be discussed in 

the following. 
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Electrical Interaction with Skimmer 

As the beam passing through the skimmer, an electric sheath forms around and 

inside the edge of the skimmer orifice. Electrical interferences can be estimated by 

evaluation of the electrical sheath, which should be no more than a few Debye lengths 

thick around the skimmer orifice (136). The value of the Debye length can be 

calculated from Equation 23 by measuring or estimating T, and ne at each axial 

position along the centerline of the plasma flow. 

For aerosol gas flow at 1 L/min, the estimated AD is about - mm at 

the metal surface of skimmer tip. For a typical skimmer (orifice diameter about 1 

mm), the sheath will be much smaller than the hole diameter. It is therefore 

reasonable to assume the bulk plasma extracted through skimmer still remains 

quasineutral. 

As beam expands beyond skimmer, electron number density drops along the 

flow. The higher the number density, the smaller the AD value. At a distance far 

enough behind skimmer and near the ion lens, the beam may be no longer 

quasineutral. AD value may be increased more steeply to about 0.1 - 2 mm. Here the 

Debye length is significant compared to the dimensions of the ion lenses. Some 

charge separation will likely occur, even if no potential is applied to ion lenses. In the 

normal operation of ICP-MS, a negative voltage may be applied on the first ion lens 

to extract and focus ion beam. The electrical field produced by the negative voltage 

on ion lenses, may exacerbate the charge separations. 
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Douglas (169, 170) found that ion transmission through the skimmer can be 

strongly affected by the relative RF potential between the skimmer and ICP. The 

potential can be controlled by applying an RF signal of variable phase and amplitude 

to the skimmer. Arcing at the interface was eliminated and the signal to noise ratio 

was improved by a factor of approximately 2 by correct RF biasing of the skimmer. 

In Ames, a floating interface was studied for plasma extraction from an ICP (221). As 

modest voltages (10 - 50) were applied to the sampler and skimmer cones the ion 

transmission was improved. The mass discrimination was reduced with this instrument 

as the sampler floating and skimmer biased by 30 V. 

SDace Charge Effects in Beam Process 

Space-charge effects cause problems in the ion beam processes in ICP-MS. 

The electrical forces in a ion beam can give rise to three basic phenomena: 1) 

modifying the potential in the region that it traverses, 2) beam spreading due to space- 

charge repulsion effects, 3) current limitation. 

The maximum ion current limit (in PA) through a cylindrical lens due to 

the space charge effect can be obtained from (137,102) 

I- = 0.9 (m/z)lD @/L)2 VD 

where D and L @/L=0.5) are the diameter and length of a cylindrical lens, 
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respectively. V (volt) is ion energy. The equation pertains only to major ions, not to 

trace analyte species. 

Olivares and Houk (31) made the first suggestion that space charge might be 

important in the ion optics of ICP-MS as they estimate a high ion current flowing 

downstream of the skimmer to the entrance of ion lens. Gillson et al. (139) reported 

that the total measured ion current collected at ion optics region was only about 6 PA. 

The difference was considered to be caused by space charge effects within the 

skimmer and ion optics. 

If Ar gas flow through the skimmer at 1 x 10'' atomsh into the ion optics and 

taking ionization fraction as 0.1 % , the ion current can be very high about 1 mA (69), 

which is large than predicted maximum current. The space charge effects probably 

are substantial in this region. The computer simulation models have been described 

with and without considering space charge effects in the ion beam formation 

(139,140). The results of ion trajectory calculations demonstrate great beam 

explosions downstream of the skimmer to the region of ion lens due to the electrical 

effects. Figure 18 shows the trajectories calculated for 24Mg+ as a function of incident 

ion current. At higher incident ion current, more ions are defocused onto the inside 

walls of the skimmer. 

In the experimental diagnostic studies, Chambers and Hiefije (116,126, 

141,142) investigated the ion sampling process by measuring floating potential, kinetic 

energy and ion signal intensity at a variety of operating conditions. They stated that 
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the extracted plasma beam was electron-poor and hence electrostatic forces played a 

significant role in the transport process. According to the hypotheses, the bulk plasma 

sampling from ICP is questionable and space charge may dominate the processes both 

in the first and the second stages of ICP-MS in some extent. The beam behavior may 

not be described accurately by the gas dynamic consideration along. 

It has been also suggested (139) that space charge effects in the ion optics can 

contribute to non-spectroscopic interelement interferences. More detail will discussed 

in the next section. 

Matrix Effects in Beam Process 

Matrix effects in ICP-MS can cause either spectroscopic interferences or 

nonspectroscopic interferences. The interferences are a result of a high concentration 

of a concomitant and may arise from different areas in the instrument: 1) sample 

introduction, 2) plasma ion source, 3) ion sampling and skimming processes, 3) 

ambipolar diffusion or space charge effects in the ion beam process; 5) mass 

discrimination in ion optical system. 

Although many investigators have investigated the dependence of matrix effect 

on various parameters (32,139,143-153), the origins have not been fully understood. 

Matrix effects were reported to be more severe in ICP-MS than in ICP-AES, thus it 

must be more associated with the ion extraction and beam focusing processes in mass 

spectrometer. A diagnostic study by Niu et al. (132) revealed that the fall-off of 
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electron density in the beam downstream of the skimmer can be altered by adding 

concentrated matrix elements. In general, heavy matrix ion tend to suppress analyte 

ion signals more extensively than light matrix, and low mass analytes are subject to 

more serious suppression than heavy analyte ions. 

Space charge effects have been broadly discussed related to the matrix effect 

during the ion extraction and beam transmission processes (139,140,32). Yet, the 

mechanism is still hypothetical. The space charge depend on the electrostatic forces of 

individual ions and the electrical Coulomb force tends to make the ion beam 

divergent. The extent of beam deflection depends on ion kinetic energy. As beam 

expands from supersonic jet, atoms with different mass are accelerated by 

aerodynamic fgrces to about the same velocity. Light ions have lower kinetic energies 

and are deflected more. Light analyte ions are deflected most extensively by heavy 

matrix ions, so they suffer the greatest matrix effects. 

The matrix effects also cause mass discriminations in the present ICP-MS. 

Approaches to minimizing such problems have been reported by adjusting the voltages 

applied on ion optical lenses (139,145,149,156,157). In applications, the interferences 

can be compensated by internal standard (154), standard additions and isotope dilution 

(155,156). Alternatively, Ross and Hieftje (158) reported a way to mitigate matrix 

effects by adjcsting either the plasma condition (solvent load, or central-gas flow) to 

alter the expansion in the first vacuum stage or to optimize the first-stage pressure. 

They also investigated (159) the modified ion-optic lens configuration to eliminate the 
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matrix effects. It was reported that the simplification of the ion lens system in ICP- 

MS can overcome mass dependent interferences. The optimal configuration was found 

to be one which had no photon stop and no second-stage optics. However elimination 

of the second stage optics only would cause substantial ion transmission loss. 

Crain et al. (149) studied the influence of skimmer orifice dimension. It was 

found that smaller skimmer induce more extensive signal suppression effects for light 

element in presence of heavy matrix elements. 

It is understandable that a high accelerating voltage can suppress space charge 

and matrix effects. Boorn et al. from Sciex (160) reported a modified ion optical 

arrangement for alleviyating some of the matrix effect by providing a higher 

extraction potential downstream of the skimmer. The ICP-MS system developed by 

Turner (161) uses a high accelerating voltage (- 2000 V) on the cone behind the 

skimmer. The matrix effect due to space charge may be overcome as ions are 

accelerated to a high kinetic energy in the ion extraction and beam formation 

processes. 
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ION OPTICS AND BEAM FOCUSSING 

Ion Optics and Lens Design 

After the beam passes the skimmer, ions are transferred to the mass analyzer 

via an ion lens system. The transmission efficiency of a mass analyzer can be strongly 

dependent on the spatial characteristics of the ion beam produced by the lens. A 

number of general references can be found in the literature on ion optics and beam 

focusing (138,162-164). The design of ion lens has been greatly facilitated in recent 

years by computer program such as SIMION (166), in particular a revised version for 

use on a personal computer (167). The ion lenses used in ICP-MS instruments can be 

represented by Sciex and VG designs as shown in Figure 19. 

Electrostatic lenses are generally used to produce a focused beam of ions in 

mass spectrometer. The number of possible electrode combinations is infinitely large 

and there is a variety of feasible sets of element geometries and dimensions that all 

lead to different lenses. Even for a simple two-cylinder arrangement, the properties of 

the system depend on a large number of parameters, such as electrode voltage ratios, 

cylinder dimensions, and diameter to length ratio, electrode thicknesses and spacings 

between them. 

The lens need to be fabricated accurately. Stainless steel is commonly used for 

the electrode material. The design of electrostatic lenses is usually done by trial and 

error. To predict focusing properties, the trajectory calculation can be helpful by 
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using computer program. However, it has to, be reminded that the programs such as 

SIMION may only give a rough picture and sometimes may have a substantial 

deviation from the real situation. In recent years, SIMION with space charge 

consideration have been developed (139,140). 

Figure 20 gives a schematic diagram illustrating the paths of positive ions in a 

two-cylinder ion lens. The electrodes are held at potential V1 and V2. Deep inside 

each cylinder, the potential are very close to those of the electrodes, but in the center 

of the system the potential changes quite rapidly. The electrical field between the 

lenses forms the pattern of equipotential surface, which will act like a optic lens to 

provide focusing property for positive ions or electrons. Ions move through an electric 

field just as light rays do through a medium with a continuously variable index of 

refraction. For focusing ion beams, the electrode potential are negative. Ion 1, which 

travels on centra, will act upon symmetrically and pass straight through the lens. Ion 

2, which travels off axis of the lens, will be deflected closer to the central flow. As 

ions move further downstream through the second lens, the ion may cross the axis 

and diverge again. More electrodes may be used to provide additional focusing action 

to transmit ions after skimmer to mass analyzer. 

Einzel lens is commonly used in mass spectrometry to focus ion beam as 

shown in Figure 21 (as the arrangement in Sciex ICP-MS). Generally, an einzel lens 

system refer to a three-element lens operated symmetrically, with V3 = V1 and with 

V2 taking any appropriate value. The system does not change the ion kinetic energy 
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while providing the focusing action. In the Sciex ICP-MS, a typical einzel lens setting 

is that V1 = V3 = -12 V and V2 = -130 V (140). The ion trajectories through the 

ion optics have reported by Vaughan and Horlick (171). 

The trajectory of an ion in an ideal lens is independent of its m/z ratio 

provided that ion of different mass start with the same initial kinetic energy and 

position. The ion motion is governed by the Laplace equation. The focal properties of 

an electrical ion lens system should not differ for ions with different m/z, and a single 

ion lens voltage set may be used to transmit ions of all m/z values with uniform 

efficiency. 

Like optical lenses, ion lenses can be characterized by focal points, principal 

planes, etc. Unlike optical lenses, the ion transmission and focal properties of ion lens 

can be simply adjusted by changing voltages applied to the ion lenses. However, it is 

much more difficult to design specific ion lens for guiding ion beam and to correct 

the aberrations. In optical system, the focusing properties of lens can be more easily 

detected or visualized. In addition, ion beam focusing may suffer more interferences 

such as space charge effects. The mass discrimination in ICP-MS instrument, until 

recently have been poorly understood (34). It is obvious that the ion lens 

configuration can have a substantial influence on mass-dependent matrix effects in 

ICP-MS . 
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New Ion lenses developed for ICP-MS 

Turner lens system A three aperture sampling system is used in the TS 

SOLA ICP-MS instrument pig. 22). The system was designed by Turner (161). The 

innovative approach is using a accelerator cone which is some 10 mm behind the 

skimmer cone. This arrangement is identical to that commonly used in duoplasmatron 

ion sources (168) and has been described by Hayhurst and Telford (90). Quite high 

voltage (-2 kv) applied on the accelerator cone. The first lens used in Ames was 

somewhat like this. The main function of this electrode is to provide a strongly 

accelerating and convergent electrostatic field to minimize the space charge spreading 

of the substantial ion beam emerging from the plasma sampling interface. A 

secondary function of the accelerator cone is to act as a differential pumping aperture 

between the second and third pumping stages of the vacuum system. Figure 22 also 

shows the ion beam trajectories through the accelerator cone. An accelerating 

potential of 2000 volts is used on the acceleration cone, and behind this a simple 

deflection system with a single variable einzel lens focussing potential is used to 

transfer the ion beam onto the entrance aperture of the analyzing mass spectrometer. 

It is possible to focus ions of a wide energy spread into the quadrupole, and hence 

minimize the mass discrimination in this section of the instrument. 

Yokogawa lens system A unique ion optical system employs an offsetting 

lens arrangement to eliminate photon noise, resulting in random background level. 

Both the PMS 2000 and the new design of HP 4500 of Yokogawa use the offsetting 
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system as shown in Figure 23). It was claimed that the ion counts obtainable with the 

lens are very high (- lo8) counts s-' ppm-') with a typical background below 50 

counts s-' (< 2 cps in new design). 

Ames lens system The Ames laboratory new ion optical system (172) is 

shown in Figure 24. The ion lens deflects ions off center and then back on center into 

the differential pumping orifice. No photon stop is needed in the in the center of the 

beam. Calculation of ion trajectories with SIMION show that only those ions that 

leave the skimmer on the center are transmitted, whereas most other lenses used in 

ICP-MS transmit only ions that leave the skimmer off axis. Together with the new ion 

lens, a relatively large sampling orifice (1.31 mm) improved signals and minimized 

plugging from deposited solids. The photon emission from the ICP is blocked 

effectively by the offsetting ion lens. The new ICP-MS with the ion optics system 

yield very low levels of many troublesome polyatomic ions such as ArO+, ArN+, 

A?+, C10+, and ArCl+. Grounding the first electrode of the ion lens can reduce the 

severity of matrix effect to about 20% loss in signal for Co+, Y+ in present 10 mM 

Sr, Tm or Pb. This, this latter lens setting minimizes matrix effects with only about 

30% reduction in sensitivity for analyte elements. 
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INTERFACE DESIGNS AND PRACTICAL CONSIDERATIONS 

Sampler and Skimmer Designs 

The development of the ion sampling interface have been the heart in the 

success of ICP-MS. The sampling and skimming cones are crucial parts of the 

interface. The basic principles have been described in the above sections for plasma 

beam extraction. Here some considerations for designs and practice are discussed. 

New approaches to sampler and skimmer construction are introduced. 

The basic requirements for sampler construction are: 1) providing bulk 

sampling by using a sufficiently large orifice (0.7 - 1.2 mm diam. is common); 2) 

orifice tapered toward the ion source to provide appropriate flow pattern and to avoid 

the boundary layer extraction; 3) the material used to construct cones must have a 

sufficient high thermal conductivity to withstand the high temperature of an ICP. 

Sampling cones are usually mounted on a water-cooled front flange of the first 

vacuum chamber. Cones are also designed to have a screw base for convenient 

replacement. A variety of metal materials can be used to construct sampling cones 

such as copper, nickel, aluminum, platinum. Nickel is most commonly used due to 

the durability and cost. In some special cases, sampler with different materials may 

have to be used depending on the types of sample introduced such as high acid, salts 

or oxygen concentration. The sampler can be easily worn out by surface pitting and 

cracking, or by plugging with deposited solids. The improper sampling condition can 



61 

be noticed by monitoring the first stage vacuum pressure and spectral interference 

from ions from the sampler material. As the solid deposition become severe, the 

effective diameter of the orifice will be reduced, consequently the vacuum pressure in 

the first stage will gradually drop, and the analytical signal will decrease. On the 

other hand, if the pressure increases to a value beyond the normal condition, the 

sampler or the skimmer tip is probably melted and need to be replaced. 

Figures 25 and 26 show the photographs of the sampler and skimmer in VG 

and Sciex ICP-MS instruments. In Ames ICP-MS instruments, the cones of sampler 

and skimmer are relatively bigger (Figure 1) than the commercial ones. The sampler 

(Figure 27) is rounded in contour near the orifice in contrast to the more sharply 

pointed orifice in VG and Sciex designs. 

The skimmer is inserted in the supersonic jet for re-sampling ion beams. It is 

rare for the skimmer to be blocked, however, the tip may be melted very easily 

especially when the Mach disc immersing on the tip of the skimmer. In normal 

operation, the skimmer usually get very hot because of the shock wave surround the 

jet. When the first stage pressure is too high, the expansion shrinks and the Mach 

disk may move in front of the skimmer tip. 

The skimmers are mostly constructed from stainless steal or nickel materials. 

Great care must be taken in design to avoid disturbance of gas flow. Generally, ion 

transmission is maximum if the external angle of the skimmer is about 60'. The 

internal angle should be large to allow easy escape of the scattered atoms into the 
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chamber pump. The edge of the skimmer orifice must be sharp to prevent formation 

of a shock wave. A large external angle or imperfections of the skimmer orifice will 

result in disturbance of the beam process. 

Sampler and skimmer construction has been continuously improved by 

instrument manufacturers and few can be found in publication. Followings are some 

new approaches to ion lens design for ICP-MS: 

Lichte sampler The sampler was made by coating a platinum sampler with 

Thoz (201). The advantage of this sampler is that it gets very hot. It can last longer 

because of the protective oxide coating can be regenerated readily. 

Rounded skimmer of Doherty It is claimed that the rounded skimmer can 

improve stability. Because the skimmer heats up anyway in ICP-MS, and even small 

change in profile of tip due to erosion or deposition can change signal drastically, it is 

perhaps best to accept inevitable and use rounded-off skimmer. 

Two-angle skimmer from VG The skimmer has a sharp, short tip on the 

shallow base (Fig. 25b). It is claimed the design yields substantially higher analyte 

signal. This perhaps will allow extraction field of first lens closer to skimmer tip. 

Polish inside of sampler and skimmer The technique was developed by 

Hutton in an attempt to reduce polyatomic ions (222). This indicates that some 

polyatomic ions may be generated as beam interaction with the metal surfaces of the 

sampler or the skimmer cones. 
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Solid Demsition and Interface Erosion 

Solid deposition and sampler erosion on the extraction interface are the 

problems unique to ICP-MS. Deposition on the sampler and skimmer may cause 

orifice blockage and thus cause long-term drifi in mass calibration. 

Douglas and Kerr (173) investigated the rate of deposition of solid resulting 

from the analysis of solution with 0.1-1 % dissolved solid. They concluded that 

deposition decreased with both increasing power and decreasing aerosol flow-rates. In 

addition, it was observed that a pseudo-steady-state could be reached after a period of 

time. Williams and Gray (174) showed that different plasma operating conditions led 

to different rates of solids deposition and that individual analyte signals decay at 

different rates when cone blockage occurs, making correction with internal standards 

difficult. It was also found that the rates of solids deposition and erosion reached a 

steady state. 

Solids also deposit on the ion optical lenses leading to electrical charging and a 

change in the optical system optimization. The effect of the deposition depends on the 

specific interface designs, plasma operation, rate of nebulization, as well as elements 

and concentrations. A deposition rate of approximately 108 g s-I was reported (173). 

If a insulating layer coated on the surface of lens elements, the ion optical system will 

function differently in beam focusing. Even slow deposition rate can cause instrument 

drift and poor long term stability. 

Ion optics for ICP-MS must be tolerant of deposition of salts from the plasma 
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source. Especially, for an ion optical design if a small change in voltage of an ion 

lens causes a large change in ion signal, the optical design will be very sensitive to 

the salt deposition and will suffer from long team drift. 

Changing the sampler and skimmer geometries have little effect on the 

deposition rate. An effective way to protect the ion lens is made by Sciex. In Sciex 

ICP-MS, a small stop at the base of the skimmer is installed to "shadow" the entrance 

to the Bessel Box to prevent salt deposition on ion optical lenses (Fig.12a). It was 

claimed that the long term stability of the instrument was greatly improved, 

particularly for the real sample analyses. 

Vacuum System in ICP-MS 

The operation of mass spectrometer requires a vacuum environment because 

low pressure is essential to sustain ions or electrons in the gas phase and preserve 

detecting power in mass analyzer. The vacuum equipment and designs are therefore 

are important for extracting plasma from atmospheric pressure into mass 

spectrometer. The discussion in this section is restricted to the vacuum system for ICP 

quadrupole instrument. The general description of the vacuum system can be found in 

the literature for interested readers (175-179). 

Several types of vacuum system designs can be used in the mass spectrometry. 

The simple one could be the single-stage vacuum system as shown in Fig. 28a. Ions 

are extracted from ion source through ion optics to mass analyzer. This system need a 



high speed vacuum pump and the sampling orifice has to be small (typically - 20 - 
100 pm). Fig. 28b is a two-stage vacuum system with a differential pumping plate in 

front of the mass analyzer. This may represent the earlier experiences in developing 

ICP-MS with a boundary layer sampling (4,21,22). 

All present ICP-MS instruments use differential pumping vacuum system with 

skimming process. In the early design of Sciex Elan ICP-MS, a two stage system was 

used because the large pumping capacity of a cryogenic pump installed in the second 

stage after the skimmer. Fig. 28c shows a three-stage system with ion lenses and 

mass analyzer. The purpose of the multiple-stage vacuum is the use of a large orifice 

and extraction of a large number of ions. By using a skimming cone, a better shaped 

beam will be presented to the mass analyzer. The flow of ions and neutral gases into 

the mass analyzer is limited by the speed of pump of the second stage. 

The pumping speed, S,, can be defined as volume of gas removed in unit time, 

t (s), at a pressure, P (torr). Pumps are available with speed from a few l/s to 

thousands of lh. If two chamber are separated by an orifice of area A (cm2) and the 

diameter of the orifice is such that Kn > 1 for air at 22 "C, the conductance of a 

orifice will be C(Vs) = 12 A. The conductance of a circular tube in the molecular 

flow conditions can be expressed as C = 12D3/L, where D is the diameter and L the 

length of the tube. For a vacuum system with the net pumping speed S, (pressure at 

P2) and gas inlet from a orifice of conductance C1 (pressure at Pl), the throughput 

will be balanced by the equation of PICI = P2S2. 

1 
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In ICP-MS, a mechanical pump is generally used on the first vacuum stage for 

maintaining a pressure - 1 torr. If lo2' atomds extracted into the first chamber and 

usually 1% pass through the skimmer, the bulk of the extracted gas need to be 

removed here. Generally, a pumping speed of 10 Us will work well. Varying the 

pumping speed of the first stage will not affect the gas flow in the zone of silence 

very much even though it does change the relative position of Mach disc or shock 

waves. Sometimes, the relatively small gain achieved may not justify the large 

expenses and difficulties of the installation of large high vacuum pumps. 

In the second stage, ion optics are arranged after the skimmer. The pressure is 

- lo4 torr. Gas flow through the skimmer (D, = 1 mm) can be estimated about 

by calculated the conductance (Cskrm) to be - 0.12 l/s at molecular low condition. 

Supposing PI = 1 torr and P2 = 2 x 10" torr, the pumping speed S2 = 600 Us can 

be estimated based on PI Cskim = P2S2. Therefore, a large pumping speed is needed. 

The turbo pumps and diffusion pumps are generally used to meet the vacuum 

requirement. The pumping speed and pressure in the second stage may determine the 

sensitivity in a great extent. Usually, a compromise on pumping will compromise 

sensitivity. 

The third stage pressure is about lo5 - lod torr. Gas flow from the second 

stage through a differential aperture. If the geometry of the entrance taken as a short 

tube with diameter DDp = 0.25 cm and length hp = 0.1 mm, the conductance CDp 

can be estimated to be about 2 Us. From P2CDP = P3S3 and taking P3 = 2 x lo,, the 
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pumping capacity can be calculated to be about 200 l/s for the third stage. Therefore, 

a small turbo pump are adequate here, even though the large pumping speed may 

provide better performance. 

Interfaces for Alterative Mass Spectrometry 

1. Magnetic Sector Mass Analyzer 

The quadrupole mass analyzer is typically operated at unit mass resolution. It 

is sufficient to resolve the mass numbers of isotopes across the mass range but it can 

not resolve most of polyatomic ions at same mass as the analyte ion. Table 4 presents 

some examples of mass resolution required to separate polyatomic and analyte ions. 

Many polyatomic ion interferences could be overcome with an ICP coupled with a 

double focusing magnetic sector mass spectrometer. 

Bradshaw et al. (181) described a high resolution ICP-MS design. A 

resolution of 10,OOO is readily achievable with this instrument. The interface region is 

similar to that used in VG quadrupole ICP-MS. A schematic diagram is shown in Fig. 

29. The significant difference is that the whole interface system is electrically 

isolated and very high voltage (- 4 kV) applied to the sampler and skimmer cones. 

The magnetic sector mass analyzer requires an initial ion energy that is significantly 

higher than that of the quadrupole to minimize aberrations. Typical accelerating 

voltage is about 4 kV. A capacitor (1000 pF, 1OkV) is used to link the interface and 

the torchbox and also the pump has to be isolated from ground. In order to efficiently 
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transmit ions through the instrument it is necessary to change the shape of the ion 

beam from a circular cross section to a rectangular cross section. The kinetic energy 

attained through the interface will be determined by the potential on the sampler plus 

acceleration imparted by the supersonic jet. 

For positive ions, beam acceleration can be achieved by either float interface 

positive at a potential or float flight tube at a negative potential. In principle, these 

should be identical. Otsuka et al. (226) described an ICP-MS using a high resolution 

double focusing mass spectrometry. A interface was developed with a high voltage (5 

kv) applied on the flight tube to obtain high ion transmission efficiency (Fig. 30). In 

the VG high resolution ICP-MS, the high positive potential are applied to the float 

sampler and skimmer. It is interesting that ions still pass through sampler while 

sampler held a high positive voltage. This is another indication that charge neutrality 

holds during early phases of extraction, or ions would never go through such a high 

positive potential on sampler. It seems like the apparent DC potential in plasma 

simply floats relative to that on the sampler, so one can put high potential on latter 

and still get ions through. 

With a resolution power of 10 OOO, most of the polyatomic ions can be well 

resolved in ICP-MS spectrum. Some isobaric interferences still cannot be resolved, 

for example, 87Rb+ and 87Sr+ which need a resolution of greater than 300 OOO. As 

expected in any magnetic sector mass spectrometer, the increase of resolution will be 

at the cost of ion transmission. 
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2. Time-of-Flight Mass Spectrometry 

TOFMS can provide high throughput and relatively high resolution comparing 

with quadrupole mass analyzer. Simultaneous multi-element capability can be 

achieved with typical mass resolution of > 10o0. Most TOF mass spectrometries 

make use of so called pulsed ion source. Continuous ion sources like the ICPs are 

need spatially modulated to create the desired ion packets for TOF mass analysis. 

However, short signal pulses of typically 10 ns duration with a high repetition 

frequency require powerful data processing. 

Two groups have started to investigate the techniques for combining the ICP 

with TOFMS (182, 183). An interface design is shown in Fig. 25 for coupling TOF- 

MS with an ICP ion source (183). The ion beam is extracted through the sampler and 

skimmer as same as in a quadrupole ICP-MS. However, as beam flows into the third 

stage the beam will be deflected by a right angle pulsing device for time-of-flight 

mass analysis. 
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SPECIAL ASPECTS OF EXTRACTING IONS FROM OTHER PLASMAS 

Mixed-gas Ar Plasmas 

While Ar has been used almost exclusively in ICP-MS, mixed gas ICPs may 

provide alternative techniques to improve the performance of ICP-MS. Gases that 

have been used include N2 (184-193), 0, (183, air (183, Xe (195), H2 (191,196), 

and He (197,151). The mostly used mixed-gas plasma is the Ar-N2 ICP. It has being 

routinely used to minimize the levels of oxides and polyatomic species in ICP-MS 

application. It can be divided into two different types 1) nitrogen in outer gas flow or 

Ar-N2 mixed gas flow; 2) nitrogen added into aerosol gas flow. 

Effect of N2 in outer gas flow With the addition of small amount (5-10%) of 

N2 to the outer gas flow, analyte signal can be increased somewhat and maximized at 

higher nebulizer gas flow rates (187). The plasma size shrinks as foreign gases such 

as N2 are added to the out flow. This has been partly attributed to the thermal pinch 

effect that is brought about by the dissociation of molecular gases. Thus, to maximize 

the signal, one has to either increase aerosol flow to move the ionization mne toward 

sampler or decrease the sampling position to enable the ionization zone more closer to 

sampling orifice. 

Effect of N2 in central gas flow While the plasma getting smaller with N2 

introduced in the outer gas flow, the centra channel will become more “dark” as N2 

is added into the carrier gas flow. Therefore, the gas flow rate must be reduced 
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to get the maximum signal. The operating conditions for mixed gas ICP will not 

drastically changed by chemical modification of the aerosol gas flow through the 

injector. However, the concentrations of nitrogen-containing plyatomic ions are 

increased, and the overall background level is increased in ICP-MS applications 

(1 85,184). 

Other mixed gas in central flow With Xe addition to the centra gas flow, 

inferences from plyatomic ions can be reduced substantially. The count rates from 

various polyatomic ions are reduced more extensively than the count rates for analyte 

ions and thence detection limit also can be improved. In the Ar-Xe ICP-MS, Xe+ is 

the major background, however, polyatomic ions containing Xe, such as XeH+, 

XeO+, XeAr', NaXe+ can not be observed. Alternative gas ICPs are not only used 

to reduce oxides or polyatomic ion interferences but they also been used to improve 

the sensitivity for some elements that are not ionized efficiently in an Ar ICP. 

Helium Plasmas 

He ICP have been investigated as an alternative ion source for analytical mass 

spectrometry (198-200). The ionization energy of He is 24.6 ev, instead of 15.8 eV of 

Ar, thus it is possible to provide an environment for higher ionization elements such 

as nonmetals. He is monoisotopic and occurs at a low mass, therefore the Ar related 

mass interferences experienced in the Ar ICP (e.g. three isotopes of Ar: 36Ar+, 38Ar+, 

40Ar+, and polyatomic ions such as 40Ar*60+, 4 0 ~ 0 A r + ,  40A?5Cl+) can be eliminated. 
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Montaser et al. (200) described the first successful coupling of an atmospheric 

pressure He ICP to a commercial ICP-MS. The spectral background of the helium 

ICP showed no interferences above m/z 40. He-Ar mixed gas has also been used in 

ICP-MS to improve sensitivity for helogens or other high ionization potential elements 

(194,197). To sustain a He ICP and interface to mass analyzer, some modifications 

of the load coil, plasma torch and impedance network are necessary. A longer plasma 

confinement tube (60-90 mm length) has to be used to obtain the maximum ion signal. 

For aqueous sample introduction, shorter tubes will not give enough resident time for 

analyte to efficiently interact with plasma gas. Even though, the detection limits of 

metal analyte are still generally not as good as in Ar ICP-MS. This is mainly because 

that He plasmas have lower electron number densities and gas temperatures that the 

Ar ICP (227,228). 

As expected, the sampling orifice for extracting plasma form a He ICP has to 

be smaller than the normally used in Ar ICP-MS because the high pressure will be 
resulted by a large flux of He flow. Otherwise, additional pumping speed will be 

required. This can be done by simply adding another pump and pumping line to the 

interface or using pumps with large pumping capacity. 

Since the gas kinetic temperature To in a He plasma is lower (- 2000 K) than 

in an Ar ICP (223, the number density no in Equation 12 is larger (- 3.8 x 10l8 cm- 

3, and the speed of sound is higher (2.6 x 10, cm/s, from Equation 13). If use of the 

same interface as used in Ar ICP-MS, the He gas flow through the sampler would be 
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about 4.3 x 102' atoms/s (approximate 10 L/min), in contrast to the Ar gas flow at - 
8.4 x 102' atoms/s in the Ar ICP-MS. 

An intense discharge between a He ICP and the sampling cone have to be 

solved. Attempts to reduce this discharge by varying sampling orifice, central gas 

flow, first stage pressure and RF power have been shown unsuccessful. The center- 

tapped load coil has been efficiently used to reduce the interface discharge in Ar ICP. 

Unfortunately, only a very weak He ICP could be generated with a center-tapped load 

coil. Another approach to reduce the secondary discharge is to use samples made 

from nonconductive materials. It was found that an anodized aluminum sampler can 

significantly reduce the intensity of the secondary discharge. This is due to a oxide 

layer formation on the surface. It has been pointed out (198) that future investigations 

of the He ICP-MS should focus on optimizing the plasma extraction interface and 

developing a more robust He plasma that can be sustained at the interface for an 

extended period. 

Microwave-induced Plasmas 

Similarly to the ICP, the coupling of microwave-induced plasma source (MIP) 

with mass spectrometry started in the early 1980s (19). General reviews of MIP 

sources can be found in the literature (202-204). One of the main development has 
been the use of MIP as a detector for gas chromatography (205-207). Microwave 

plasmas have been investigated for mass spectrometry with support gas with Ar 
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(18,19,208), nitrogen (209-211), and helium (142,212,213). 

The development of atmospheric pressure MIPs started with an improvement 

in cavity design by Beenakker (214). In the original design for coupling of the MIP to 

a mass spectrometer (19), a Beennakker cavity was constructed and an excitation 

temperature of 5400-5900 K was measured. Air entrainment caused substantial NO+ 

formation in the plasma. Similar to the situation in ICP sources, the introduction of a 

shield gas can significantly reduce NO in the plasma. Satzger et al. (212) modified 

the interface by applying a quartz bonnet to enclose the transition region between the 

open end of the discharge tube and the sampling cone to elevated temperature and a 

slight overpressure at the position. 

Chambers et al. (142) investigated the fundamental process of ICP-MS by 

replacing the ICP with a helium microwave-induced plasma. The Ar ICP-MS 

interface was modified to sample He-MIP plasma. Air entrainment can be minimized 

by using large plasma gas flow rate relative to the gas extracted through the sampling 

orifice. A high He plasma flow was used at about 21.1 L/min in order to reduce air 

penetration. As a 0.4-mm orifice used, extracted He gas was calculated to be 1.7 

Umin, which is close to that in the Ar ICP with a 1-mm orifice diameter. 

In MIP-MS, matrix interferences are much more severe than in ICP-MS. The 

operating power required for the MIP (30-4OOW) is much less than that of ICP. 

Because it requires low operation power and support gas, MIPs will continue to drew 

attentions in developing plasma sources alternative to ICPs. 

I 
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Moderate Pressure Plasmas 

A low pressure Ar plasma was explored to interfacing to a commercial ICP- 

MS (215). The interface, as shown in Fig. 27, was modified by replacing the 

sampling cone with a 0.75 in u l t r a - T ~ ~  fitting on a aluminum base. A water cooled 

ICP torch was used and gas sample introduced from gas chromatography. The major 

concerning may be the background interferences can be minimized with the use of a 

low-pressure plasma (216), however, the background spectrum has shown containing 

many of the polyatomic ions for atmospheric plasma in this work. Improvement is 

needed in torch design, especially the vacuum seals. The detection limit can not be 

expected to improve over the ICPs at atmospheric pressure because of less collisions 

and low temperature of low pressure source. 
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CONCLUSION 

Inductively coupled plasma mass spectrometry is still relatively young even 

though it has become one of the most powerful techniques in elemental analysis. The 

success of an ICP-MS instrument design is critically dependent on the ion extraction 

at the mass-spectrometer interface. The present instrumentation already commercially 

provides impressive detection limit, fast sample analysis, a broad dynamic range and 

multielement and isotope detection capabilities. 

Yet the fundamental aspects of the ion extraction and beam formation inside 

the vacuum chamber have not been fully understood. Several shortcomings suffered in 

the present ICP-MS instruments have been postulated to be originated from the 

sampling processes at interface such as: matrix effect, mass-dependent effect, metal- 

oxide formation, long-term drift. Besides, inefficient ion extraction and transmission 

have been recognized in the instruments as comparing the number of ions sampled 

from the ion source with that collected by detector. The basic understand of the 
mechanism and origins of the problems are especially valuable for instrument 

improvement. 

Scientific innovations and engineering advances will lead to continued 

improvements for atmospheric pressure plasma mass spectrometry. Intedace designs 

and ion optics arrangements in ICP-MS obviously will be the critical parts for the 

new generation of ICP-MS instrument. High resolution ICP-MS is already available to 

I 
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solve most of the overlap problems, however at a high capital cost. Lower the 

instrument cost and operation cost of ICP-MS will be favorable in the future 

marketplace. Glow-discharge mass spectrometry will be an effective method for solid 

sample analysis even though the plasma operated in low pressure. In next the decade, 

ICP-MS will undoubtedly continue to grow as a major technique for elemental and 

isotopic analysis, while other new or modified plasma ion sources will be explored as 

alternative sources in the analytical mass spectrometry. 
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Table 1. Distribution of ionization energies of elements for single and double 

charged ions. Reproduced from reference 41, with permission. 

Ionisation 
energy (eV) Elements 

< 7  

7-8 Mg,Mn.Fe,Co,Ni.Cu,Ge,Mo,Tc,Ru,Rh.A~Sn.Sb.Ta,W,Re,Pb.Bi 
8-9 
9-10 Be, Zn, As, Se, Te. Au 2+ ions 

10-11 
11-12 C. Br 
12-13 Xe Sc,Y.Gd.Tm.Yb,Th,U,Ac 
13-14 H. 0. C1, Kr Ti. Zr. Lu 
14-15 N V. Nb, Hf 
15-16 Ar Mg,Mn,Ge.Pb 

Li, Na. AI, K. Ca. SqTi, V,Cr,Ga, Rb, Sr. Y,Zr, Nb, In, 0. Ba, La, Ce, Pr. Nd. Pm, 
Sm,Eu,Gd,Tb.Dy.Ho,Er,Tm,Yb,Lu,Hf,~Ra,A~Th.U 

B, Si, Pd, Cd, Os, Ir, Pt,Po 

P, S, I, Hg, Rn Ba, Ce. Pr. Nd. Ra 
Ca, Sr, La, Sm, Eu, Tb, Dy. Ho, Er 

AI1 other elements > 16 He, F, Ne 



Table 2. 
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Electron number density measured at skimmer tip and the predicted results 

calculated from ideal supersonic jet expansion with a dry plasma. 

Aerosol Gas Flow 
(L,/min) 

Number Density ( ~ m - ~ )  

Measured Expected Ratio 

0 
0.6 
1.0 
1.3 
1.5 

5.7 x10l2 
2.5 ~ 1 0 ' ~  
0.55~10'~ 
0.23~10'~ 
0.16~10'~ 

9 .4x1Ol2 
4 . 1 ~ 1 0 ' ~  
2.1x10'2 
1 .3x1Ol2 
1. 1x10l2 

0.61 
0.61 
0.26 
0.18 
0.15 
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Table 3. Electron number density measured at skimmer tip and the predicted results 

calculated from ideal supersonic jet expansion with a wet plasma. 

Aerosol Gas Flow Number Density ( ~ m - ~ )  
(Wnw 

Measured Expected Ratio 

0 1.1x1013 1.1x1013 1 .o 
0.6 1 .9x1Ol2 2 . 9 ~  1 0l2 0.65 
1 .o 8.6~10'~ 6.0~10'~ 0.14 



Table 4. Mass resolution required to separate some polyatomic and analyte ions 

- m / Z  

39 

51 

56 

58 

63 

65 

68 

72 

75 

80 

Reuuired Resolution 

5570 

2580 

2500 

1550 

2800 

1950 

6070 

2390 

7800 

9700 
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Figure 1. Schematic diagram of an ICP-MS instrument (fabricated in Ames). (A) 

sampler cone; @) water-cooled sampling flange; (c) skimmer cone; 

@) cylindrical ion lens; (E) BesseI box assembly; Q differential pumping 

orifice; (G) ion lens elements; (H) RF only quadrupole and solid W 

shield; 0 quadrupole mass filter and wire mesh RF shield; (J) Channetron 

electron multiplier. The ICP equipment and nebulizer system are not 

shown. 
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TANGENTIAL- 

6 0 0 0 K  T (* 10%) 

Figure 2. Cross section disgram of ICP, the analyte aerosol travels through the 

plasma in the axial channel as indicated by the horizontal arrows. 
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Figure 3. Ion distribution across the plasma at sampling positions, (a) d, = 8 mm, 

and (b) d, = 11 mm. Reproduced from reference 45, with permission. 
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Figure 4. Radial velocity profiles of an ICP with 14 Wmin outer gas flow and 1.0 

L/min aerosol gas flow. Axial position are (A) -7 mm, (B) 0 mm, (C) 

4mm, @) 6 mm, from the top of the coil. Reproduced from reference 45, 

with permission. 
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Figure 6. Comparison between frequency spectra from (a) ICP emission noise, 

@) ICP emission upstream of the ICP-MS sampler, (c) ICP mass 

spectrometer noise. ICP outer gas flow 15.5 L/min. Reproduced from 

reference 74, with permission. 
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Figure 7. Schematic diagram of a typical extraction interface of ICP-MS. 
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Figure 8. Schematic view of a supersonic expansion into the first vacuum chamber 

without presence of skimmer, arrows indicate the direction of flow stream. 
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Figure 9. Boundary Layer and electrical sheath around the sample tip. The thickness 

of the boundary layer has been exaggerated here. Reproduced from 

reference 36, with permission. 
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Figure 10. Load coil at the different ground situations, a) Conventional; b) 

Reversed; b) Center-tapped coil. 



a. 

Figure 11. Impedance matching networks for ICP-MS instruments: a) unbalanced 

coil of end grounding; b) balanced coil of center grounding; c) 

Balanced load coil by coupled capacitively to ground at both ends with 

the R F  voltage applied to the center of the coil. The Variable 

capacitors are used for tuning and impedance matching, and the 

inductance L is the load coil. Reproduced from references 37 and 229, 

with permission. 
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Figure 1 1. (continued) 
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Figure 12. Profiles of electron temperature measured at the axial positions between 

the sampler and the skimmer in an ICP-MS instrument for dry plasma. 

The skimmer tip is at 10 mm from the sampler. The aerosol gas flow rate 

is 1.0 L/min. 
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Figure 13. Profiles of electron number density measured at axial positions between 

the sampler and the skimmer in an ICP-MS instrument, with a) dry 

plasma, and b) wet plasma condition. Slope = -1 indicates n, - 1/x2. The 

leftmost point is 2 mm behind the sampler and the righmost point is at the 

skimmer tip. 
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Figure 13. (continued) 
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Figure 14. Ion kinetic energies as a function of m/z, a) with a reversed load coil in 

Ames instrument, and b) with center-tapped load coil in Sciex instrument. 

Reproduced from references 129 and 121, with permission. 
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Figure 15. Schematic diagram of supersonic flow and skimming process for ICP-MS. 
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Figure 16. Schematic picture of beam formation at different skimming positions 

relative to the Mach disk for ICP-MS, a) skimming position behind Mach 

disc; b) skimming position at Mach disc b) skimming position at -2/3 of 

the jet from sampler orifice b) skimming position too close to the sampler 

orifice. Reproduced from references 135, with permission. 
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Figure 17. Measured gas flow through the skimmer for different skimming position 

X,. Three different pumping speeds are used, (0) 6 Us; (+) 13 US; and 

y) 30 L/s. The dashed line was calculated from Equation 19. The arrows 

indicate the Mach disk positions. Reproduced with permission. 
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I 
Figure 18. Calculated ion trajectories for 24Mg' in the absence of space charge a), 

and with the space charge at different incident ion current through the 

skimmer: 0.75 pA b); 1.75 pA c); and 5.0 pA d). 



120 

Beasel BOX 
with Photon Stop 

Entrance Apenure 

Figure 19. Ion lenses used in ICP-MS commercial instruments, a) Sciex Elan system; 

b) VG PlasmaQuad system. Bessel box and two photon stops are used in 

Elan ICP-MS. The first lens in Plasma Quad is used for extraction ions 

from the plasma beam. 
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ion 1 

ion 2 

Figure 20. The action of a two-cylinder lens system. The quapotentid surface and 

the paths of charged particles are shown in the electrical lenses. 
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Figure 21. Equipotentials in an einzel lens. 
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Figure 22. Ion optical system designed by Turner. An accelerating potential of 2000 

volts is used on the acceleration cone, and behind this a simple deflection 

system with a single variable einzel lens focussing potential is used to 

transfer the ion beam onto the entrance aperture of the analyzing mass 

spectrometer. Reproduced with permission. 
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Figure 16. The PMS 2000 (a) and HP 4500 (b) of Yokogawa with offsetting lens 

arrangements. Reproduced with permission. 
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Figure 24. The Ames laboratory new ion optical system. The ion lens deflects ion off 

center and then back on center into the differential pumping orifice. 

Reproduced from reference 172, with permission. 



a. 

b. 

126 

Figure 25. VG ICP-MS sampler and skimmer designs, for a) VG 1001/VG1102 (for 

PGI,4PQII), and b) VG1001/VG1004 (for PQII+ turbo) with a two angle 

skimmer design. Reproduced with permission. 
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Figure 27. Photograph of sampling cone used in Ames ICP-MS instruments. 
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Figure 28. Vacuum systems for atmospheric pressure plasma ion sources, a) single- 

stage vacuum system. b) a two-stage system with ion lenses and mass 

analyzer; c) a three-stage system with sampler, skimmer and differential 

pumping plate. 
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Figure 29. High resolution ICP-MS instrument from VG. Reproduced with 

permission from VG. 
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Figure 30. A schematic diagram of the ICP interface for the high resolution mass 

spectrometer. Reproduced from reference 216, with permission. 
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Figure 31. Schematic diagram of an interface design for ICP ion source coupling with 

TOF mass fdter. Reproduced from with permission 
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Figure 32. Schematic diagram of an interface design for low pressure plasma source 

mass spectrometry. Reproduced reference 215, from with permission 
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PAPER II 

LANGMUIR PROBE MEASUREMENTS OF ELECTRON TEMl'ERATURl3 AND 

ELECTRON DENSITY BEHIND THE SKIMMER OF AN INDUCTIVELY 

COUPLED PLASMA MASS SPECTROMETER 



135 

INTRODUCTION 

Throughout his career, Paul Boumans has insisted that the intelligent use of a 

spectroscopic method must be accompanied by an adequate understanding of the 

underlying fundamental principles. ICP-MS , although already a highly sensitive technique 

with widespread applications, is no exception to this caveat. To this end, a series of 

previous papers has addressed various basic aspects of ion extraction pertinent to ICP- 

MS. These studies include calculations of gas dynamic properties [ 1,2] and experimental 

studies via optical spectroscopy [3-73 and Langmuir probes 18-14] in the ICP near the 

sampling orifice and in the supersonic jet just behind the sampling orifice. This paper 

describes the basic feasibility of Langmuir probe measurements still further downstream 

between the skimmer and the entrance to the ion lens. OLWARES and HOUK [15] 

briefly considered space-charge effects in this region to be a substantial source of ion 

loss. The detailed calculations of ion trajectories by GILLSON et al. [16] showed that 

space-charge effects caused both ion loss and matrix effects. The axially-resolved probe 

measurements described herein illustrate a possible way the study these phenomena. 
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EXPERIMENTAL 

Apparatus 

The instrument used is shown in Fig. 1. Instrumental components, important 

dimensions and operating conditions are identified in Table I. The entire third vacuum 

stage, including the mass analyzer, was removed from an ICP-MS device described 

previously [3]. A flange containing a linear motion feedthrough (5 cm travel) was 

mounted on the rear of the second stage to support and position the probe. The ICP was 

the same one used for the previous probe studies [12,13]. The load coil was grounded 

at the downstream turn as shown in Fig. 1. A mild secondary discharge is thought to 

persist with this geometry [9,12,13]. 

For some experiments, a "dry" ICP was desired, so the argon flow was passed 

directly from the flow controller into the injector tube of the torch, Le., the nebulizer 

was bypassed completely. When a "wet" plasma was desired, a continuous flow 

ultrasonic nebulizer with desolvation was used [18]; operating conditions are listed in 

Table I. In the latter configuration, some water vapor reached the plasma, as determined 

by the vapor pressure of water at the temperature of the condenser. 

Langmuir Probe 

A single probe was used. The tungsten probe was insulated inside a drawn-out 

quartz tube supported by an outer ceramic sheath. The dimensions of the probe 



137 

construction and the component for the measurements were given in Table II. In the 

present work, the exposed probe tip was much thinner (0.12 mm diam.) and longer (5 

mm) than the one used previously. This long, thin probe was desirable for two reasons. 

First, it conformed to the probe model of SONIN for a flowing, highly rarefied plasma 

[19]. This model required a probe that was much longer than its diameter so that end 

effects were negligible. Second, the probe did not heat appreciably and showed no signs 

of pitting or erosion. Thus, a thin wire probe could be used. Such a probe would 

probably melt or deteriorate rapidly if it were kept inside the supersonic jet from an ICP 

[12,13]. 

As shown in Fig. 1, the probe protruded through the ion lens along the centerline 

of the expansion. If the probe was more than 45 mm from the skimmer tip, the probe 

tip was actually inside the lens. Numerous I-V curves were obtained with the probe 

slightly inside the entrance to the lens. The sampler, skimmer and ion lens were kept 

grounded for all these experiments. 

Measurement of T, 

I-V curves were obtained at various values of probe position, aerosol gas flow 

rate, and water loading. Three typical I-V curves are shown in Fig. 2. These curves 

will be discussed in more detail later in the Results and Discussion section. T, was 

evaluated from each I-V curve as described previously [13]. SONIN [19] stated that this 

conventional method of determining T, from an I-V curve was acceptable for the type of 



138 

plasma studied in this work. 

A typical plot of probe response is given in Fig. 3. As was seen previously with 

probes in either the ICP [ll] or in the jet [13], these probe response plots were often 

non-linear. If so, a roughly linear region was selected spanning low values of V, a line 

was drawn through these points only (as shown in Fig. 3), and T, was calculated from 

the slope of the line. 

Measurement of n, 

To determine ne from the I-V curves, an appropriate probe model was necessary. 

This required estimates of mean free path (A) and Debye length (AD) in the beam flowing 

out of the skimmer. The kinetic temperature of Ar neutrals in the beam was estimated 

to be - 200 K [l]. Mean free path was estimated as follows. The number density of 

neutrals (nJ at the entrance to the skimmer was taken to be 8 x lOI5 cm-j [l]. The 

distance z was defined as the position downstream from the skimmer tip along the 

centerline of the beam. The number density n(z) of neutrals at position z was calculated 

by a similar equation as that used in the supersonic jet [l]: 

n(z) = 0.161 no (D,/z)~ 

Mean free path was then calculated at each position z [20]: 

x = (42 ncr"n(z))-' 

where (T = atomic diameter of Ar = 3.8 x lo-* cm 1211. With the probe at z = 5 

mm, the mean free path was 3.0 cm. Naturally, mean free path increased as the 
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beam flowed further from the skimmer to a limit of -50 cm at the background 

pressure of 1 x l@ torr. These large values of mean free path indicate that the beam 

passing through the skimmer was essentially collisionless. This conclusion was 

expected because collisions are infrequent in the supersonic jet in front of the 

skimmer [l], and the density therein is much higher than that in the beam behind the 

skimmer. The Debye length is calculated from 

A,(cm) = 6.9 (T,/nJID (3) 

where eo = permittivity of free space, k = Boltzmann constant, e = electron charge, 

T, is in K, and n, is in ~ m - ~ .  Based on the values for T, and n, reported below, AD 

was estimated to be in the range 0.02 - 3 mm. The probe radius (rp) was 0.063 mm 

and was generally less than A,, with some important exceptions discussed in detail in 

Sect. 3.4. Thus, the relative magnitudes of X, XD and rp were: X > > XD - > rp. 

According to this calculation, the probe was considered to be in a collisionless 

plasma in the orbital-motion-limit. For this probe regime, the basic theory of 

LAFRAMBOISE was suitable [22,23]. SONIN [19] adapted this theory and 

systematically studied its validity for a probe with length J, > > rp aligned with the 

stream in a flowing plasma, which was appropriate for the present work (Fig. 1). 

Electron density was evaluated from the I-V curves by the following process based on 

SONIN’s method [19]: 
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1). Calculate T, as described in Sect. 2.3. 

2). Measure the ion saturation current (IJ at an applied voltage of 

Vf -1O(kTJe), where Vf is the voltage corresponding to zero current (often 

called floating voltage). 

3). Calculate the quantity p defined below: 

p = (rP/h,J2 (xi = (r$,,) (2mni/e)1n(e/kT,)3" &/b )  (4) 

where mi = ion mass and 4 = probe area (excluding the end) = 2m&. 

Eqn. (4) is convenient because ne drops out; an appropriate value for n, 

need not be assumed prior to the computation. In these experiments, the 

largest value of p was 12, which was well within the orbital-motion- 

limited regime [19]. 

4). Using the calculated value of p, read the appropriate value of ai from Fig. 

2 of ref. [19] for the case where Ti/T, 

kinetic temperature of ions and is often called "ion temperature" in the 

plasma physics literature. This term should not be confused with the term 

"ionization temperature" common in spectrochemical literature, which 

0. Here Ti refers to the gas 

refers to the results of temperature calculations from the Saha Equation. 

At any rate, since the heavy ions should be cooled to - 200 K in the 

expansion while T, stays close to that in the ICP, the assumption that Ti 

< T, is reasonable in the present work. We also note that the quantity we 

call ai is referred to as & by SONIN [19]. In the present work, ai was 
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generally 4.4 and, in fact, would not change greatly even if Ti - T,. 

5). Calculate n, from: 

Some assumptions concerning the ion mass m, are necessary, since both ai and 

ne depend on mi. For a "dry" plasma or a "wet" plasma containing no matrix 

element, mi was assumed to equal the mass of argon (40 g/mole, 6.67 X 1OZ 

g/atom). Incorporation of ions from a matrix element could change the average ion 

mass in the extracted beam. Therefore, two different n, values were calculated from 

each I-V curve when a matrix element was added. First, m, was assumed to be 

unchanged and still equal to the mass of argon, and one n, value was calculated on 

that basis. Second, mi was assumed to equal the arithmetic average of the mass of 

argon and the mass of the matrix element. For example, when uranium was present, 

the ion mass was assumed to equal (40 + 238)/2 = 139 g/mole = 2.32 X 10-22 

g/atom. A second ne value was then calculated based on this "average ion mass." 

Standard Solutions 

For experiments with a "wet" plasma, deionized distilled water was generally 

nebulized. Effects of sample matrix on T, and ne were evaluated with two sets of 

single-element standard solutions. The first set contained 0.14 M Li (i.e., lo00 ppm 

Li) and other solutions of Nay K and Rb, each at 0.14 M also. These concentrations 
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were chosen so that the effects of matrix elements could be compared to those seen in 

the earlier Langmuir probe studies in the jet [12,13]. The second set of solutions 

contained either Co or U at loo0 ppm, which is the common upper limit on solute 

concentration in ICP-MS. For each matrix solution, the solvent was 1% HNO, in 

deionized distilled water. 
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RESULTS AND DISCUSSION 

Characteristic of I-V Curves 

Some important qualitative observations can be made by simply inspecting the 

I-V curves in Fig. 1. First, the magnitude of current flow is small; the vertical scale 

is in PA, whereas the currents were in the mA range when a similar (though larger) 

probe was put inside the jet [13]. Since the currents observed are smaller, it follows 

that the charged particle densities behind the skimmer are smaller as well. This 

would be expected because the total density of a l l  particles is smaller behind the 

skimmer as the gas flows into the high vacuum pumps. In some cases, particularly 

when a "wet" plasma was used, the ion saturation currents were below one nA. 

These low current values complicated the experiments. In particular, the voltage 

supply and ammeter were housed inside a grounded, copper-lined steel box to 

attenuate RF interference [ 1 11. 

The three curves shown in Fig. 2 were obtained at the same probe position 

with three different values of aerosol gas flow rate. Despite the low currents, both 

the ion saturation current (shown in the inset) and the shape of the curves in the 

electron retarding region were different at the three different flow rates. Hence, the 

probe can sense variations in Te and ne as plasma operating conditions are changed. 

Finally, at positive values of V, the electron current continued to rise and did 

not saturate. With the probe behind the skimmer, the electron current showed even 
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less tendency to saturate than when the probe was in the jet [13]. A similar effect has 

been seen in Langmuir probe measurements in other highly-rarefied, flowing plasmas 

[24,25]. 

Electron Temperature Measurements 

1. Effect of water loading on T, 

Determined values for T, are listed in Table 3 for a "dry" plasma and in Table 

4 for a "wet1' plasma. The measured values range from 2100 K to 11400 K. 

DOUGLAS and FRENCH [1,2] state that electrons should not be cooled during the 

supersonic expansion nearly as extensively as the heavy particles. Thus, T, should 

remain in the range of several thousand degrees K, whereas heavy particles should be 

cooled to -200 K. This precept was substantiated by our previous measurements in 

the jet [13] and was further corroborated by the relatively large values of T, measured 

behind the skimmer. 

Some other general trends are also apparent from these tables, although 

exceptions to each trend can be noted. T, is lowest when the aerosol gas flow rate is 

zero, Le., when there is no axial channel in the ICP. For a "dry" plasma, T, 

increases with aerosol gas flow rate through 1.4 L/min. As in the previous 

experiments with the probe in the jet, this trend is thought to be due to an increase in 

plasma potential and intensity of the secondary discharge as the aerosol gas flow rate 

increases. For a "wet" plasma, a similar trend is seen, except that T, is a maximum 
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at 1.0 L/mh and then decreases as aerosol gas flow rate is increased further to 1.4 

L/min. At aerosol gas flow rates of 0.6 and 1.0 L/min, T, for a ''wet'' plasma is 

generally higher than that for a "dry" plasma. At 1.4 L/min, higher values of T, are 

generally seen for the "dry" plasma. 

Finally, all the T, values measured behind the skimmer are substantially lower 

(by - 4000 IC) than T,s measured in the jet under the same plasma conditions [13]. 

The fact that the probe was hot when it was in the jet but remained cool when it was 

behind the skimmer may contribute to this discrepancy. 

2. Matrix effects on Tc 

These results are shown in Table 5. First compare the results labelled "blank 

solution" with those for the same aerosol gas flow rate (1.0 L/min) in Table 4. The 

values in Table 5 are within 200 K to 1400 K of the corresponding values in Table 4. 

All but one of the values for the blank solution in Table 5 are lower than the 

corresponding values in Table 4. These two sets of T, values were obtained on 

different days. Factors such as the difficulty of exactly reproducing aerosol gas flow 

rate and power from day to day, the generally low values of current observed (see 

Sect. 3.1), and differences in the linear ranges in the corresponding probe response 

plots (e.g., Fig. 3) probably contribute to this discrepancy. 

To minimize the contribution of variable operating conditions, the T, values in 

Table 5 were obtained in a single day. Addition of alkali metals either caused little 
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change or induced a slight decrease in T,; this latter trend was more evident when the 

probe was further from the skimmer. Much greater decreases in T, were seen in the 

presence of alkali matrix elements in the previous work [13]. Addition of Co or U 
induced a substantial increase in T,, particularly when U was added. Little is known 

about whether T, in the ICP is affected by matrix elements; the Thomson scattering 

measurements described by Hieftje and co-workers 126,271 may provide such 

information. 

Electron Density Measurements 

1. "Dry" plasma 

These results are shown in Fig. 5. At each value of aerosol gas flow rate, n, 

decreases as the probe is retracted further from the skimmer. This is expected, as the 

density of the supersonic beam flowing out of the skimmer decreases as the beam 

moves further downstream from the skimmer tip. However, the decrease in ne shown 

in Fig. 4 is not as extensive as would be expected from the 1/z2 (z=distance behind 

skimmer tip) dependence usually seen for supersonic beams. 

Fig. 4 also shows that, at each probe position, ne decreases as aerosol gas flow 

rate increases. This trend is also expected because ne at the sampling position in the 

axial channel of the ICP decreases as aerosol gas flow increases [28,29]. Electron 

density in the beam passing through the skimmer should follow changes in plasma 

conditions in the same fashion as n, in the ICP. 

c 
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2. "Wet" plasma 

These results are shown in Fig. 5. Electron density follows similar trends 

with probe position and aerosol gas flow rate as were seen in Fig. 4 for a "dry" 

plasma. At low aerosol gas flow rates (0 and 0.6 L/min), the n, results for a "wet" 

plasma do not differ greatly from those for a "dry" plasma (Fig. 4). At higher values 

of aerosol gas flow rate (1.0 and 1.4 L/min), n, is substantially lower for a "wet" 

plasma. This trend agrees qualitatively with that seen for ne in the axial channel of 

the ICP in recent measurements by OLESIK and DEN [30, Fig. lo]. There is some 

disagreement in the literature concerning the effects of water loading on n, in the axial 

channel; some authors report increases of - 30% in n, in the axial channel when 

water is added [31,32], others report that n, increases slightly when water vapor is 

added but ne decreases when water droplets are added [33]. Although T, behind the 

skimmer and in the jet [13] generally increases with water loading and/or aerosol gas 

flow rate, n, shows the opposite trend. Apparently, a modest plasma potential and 

mild secondary discharge elevate T, but do not affect n, greatly [13]. 

3. Effects of matrix on n, 

These results are shown in Figs. 6 and 7. In each figure, two sets of plots are 

shown; one set (labeled A) is derived assuming the ion mass is unchanged when the 

matrix element is added. The other set (labeled B) is based on the assumption that 

the average ion mass changes when the matrix element is present (see Sect. 2.4). 
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These sets of data differ little when the matrix is Na, Rb or Co, but use of matrix 

elements such as Li or U with masses much different from that of argon could change 

the resulting ne values somewhat. 

Despite this uncertainty in ion mass, some interesting trends can be identified 

from Figs. 6 and 7. Addition of the matrix element did not change n, much at probe 

positions near the skimmer (Le., 5 to 20 mm). Close to the skimmer tip a modest 

increase in ne was seen for a U matrix and a modest decrease in n, was seen for a Li 

matrix if average ion mass was used (Fig. 6B). With the probe retracted from the 

skimmer tip by more than 20 mm, ne was apparently substantially higher (by up to 

one order of magnitude) when a matrix element was present. The heavier matrix 

elements (Rb in Fig. 6 or U in Fig. 7) induced a more substantial increase in n, than 

the lighter matrix elements. 

These increases in n, in the presence of a matrix element are qualitatively 

similar to the increases in ion current seen by GILLSON et al [16] and may be related 

to space-charge effects and matrix effects in ICP-MS in the following way. If space- 

charge repulsion causes defocusing and spreading of the ion beam [16], n, may also 

change when matrix elements are added. Since the space-charge defocusing is 

thought to be more extensive for heavy matrix elements, such elements also affect ne 

more extensively. In addition to the experiments and calculations of ion trajectories 

by GILLSON et al. [16] and the numerous studies of matrix effects in ICP-MS [34- 

391, these results also show that the properties of the beam leaving the skimmer 



149 

depend on the presence of matrix elements and on their mass. 

It is also important to note that the concentrations of matrix elements used in 

this study are not high enough to induce large changes in n, in the ICP [34]. Thus, 

the effects of matrix elements on n, in the beam are attributable mainly to the ion 

extraction and beam formation processes rather than to changes in n, in the ICP. 

Finally, compare the n, results obtained for the blank solution in Fig. 6A with 

those shown for the blank solution in Fig. 7A. Although these experiments were 

performed on different days, the ne results for the blank solutions agree closely with 

each other, which indicates that the ne results are reasonably reproducible from day- 

to-day. 

Evaluation of Results 

In this section, the overall validity of these T, and ne measurements is 

evaluated. The first step is to determine whether the probe drains a significant 

number of charge carriers from the beam. Consider the typical I-V curve in Fig. 2. 

The T, and ne values were measured using currents of 30 ,uA or less. The ion current 

(i.e., the current when the probe voltage is negative), which was used to measure ne, 

was generally less than 1 PA. Since the total current through the skimmer is expected 

to be - 1 mA [16], the current drawn by the probe is not considered a significant 

drain on the charge carriers in the beam. 

The second step is to consider whether the beam passing through the skimmer 
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can be considered quasi-neutral, Le., whether the number of positive charge carriers 

is roughly equal to the number of negative charge carriers. Alternatively, growth of 

an extended space-charge sheath around the skimmer could cause the extracted beam 

to deviate from neutrality. These possibilities can be evaluated by calculating the 

Debye length at the skimmer. From the calculations of DOUGLAS and FRENCH [l] 

and our previous measurements [13], T, at the skimmer tip is estimated to be loo00 K 

and n, is - 5 ~ 1 0 ~ '  ~ m - ~ .  From Eqn. (3), the Debye length under these conditions is 

-0.01 mm. To verify this result, a single I-V curve was obtained with the probe 

thrust into the skimmer orifice, Le. the probe position was 0 mm. The aerosol gas 

flow rate was 1.0 L min-', and a "dry" plasma was used. The measured T, was 7500 

K and n, was 3x10" ~ m - ~ ,  so AD was 0.011 mm, in good agreement with the estimate 

described above. 

These typical values of AD are much less than the diameter of the skimmer 

orifice (1.0 mm). The thickness of the sheath around the skimmer could well be 

several Debye lengths, but it is unlikely to be 50 Debye lengths thick [1,40]. 

Although there is no doubt that a sheath forms around the skimmer, the authors' 

opinion is that the sheath is not thick enough to perturb the neutrality of the beam 

substantially [40]. In addition, the sampler, skimmer, ion lens, and vacuum chamber 

were all kept grounded to minimize any applied electric fields that could alter the 

neutrality of the beam. 

Sheath formation around the probe is another possible source of error. If the 



15 1 

sheath around the probe is large enough to intercept the inner wall of the skimmer, 

then the probe would not be in a quasineutral plasma. This problem would be most 

serious when the probe is close to the skimmer. 

To address this question, values of AD were calculated for the T, and ne results 

reported above for the "dry" and "wet" plasma without matrix elements present. 

These values are presented in Table 5. At the probe position of 5 mm, n, is still 

fairly large, so AD is small, and the sheath around the probe is obviously not large 

enough to reach the skimmer. Since T, does not change greatly as the probe is 

retracted further, the change in AD with probe position is mainly determined by the 

decrease in n,. Even at 40 mm, AD increases only to a few mm, so it is unlikely that 

the sheath around the probe greatly perturbs the neutrality of the extracted beam. 

Furthermore, if the size of the sheath around the probe is comparable to the diameter 

of the beam, the measured currents would be much higher, for virtually all the charge 

carriers in the beam would go into the sheath and reach the probe. 

The AD results in Table 6 also allow evaluation of whether the condition AD 

- > rp from Section 2.4 is satisfied. Since the probe radius is 0.063 mm, there are 

several cases in which AD is comparable to or even less than the probe radius, 

particularly at a probe position of 5 mm and an aerosol gas flow rate of 0 or 0.6 L 

mid. However, as mentioned in Sect. 2.4, the present measurements were still 

within the orbital motion limited regime. LAFRAMBOISE [23] also showed that rp 

can exceed A, substantially (by at least a factor of 10) without causing problems. 
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Thus, the fact'that A, was occasionally less than rp is not considered a serious source 

of error in these experiments. 

Finally, the authors point out that Langmuir probe measurements are always 

subject to doubt, as reflected by the voluminous and often disheartening literature on 

deriving valid ne measurements from I-V curves [25]. Both in this paper and in our 

previous work [13], the general magnitude and trends of the reported T, and ne values 

are considered to be reasonable approximations that provide interesting physical 

insight into ion beam formation, e.g., the electrons are not greatly cooled during 

extraction. The T, and ne values measured and the trends seen in n, are dl 

reasonable, which further supports the general validity of these Langmuir probe 

measurements. 
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CONCLUSION 

These results illustrate the basic feasibility of measuring T, and ne behind the 

skimmer with a single Langmuir probe. Many further studies are suggested by these 

preliminary results, including a more extensive characterization of the effects of 

matrix elements on ne. This apparatus permits three additional experiments that could 

prove valuable. First, the probe can be inserted through a different port along an axis 

perpendicular to the ion path. Such a probe would pass laterally through the gap 

between the base of the skimmer and the entrance to the ion lens. In this fashion, 

laterally-resolved profiles of T, and ne should be obtainable. Second, voltages can be 

applied to the ion lens and/or sampling interface (both sampler and skimmer) and the 

resulting effects on T, and ne measured. Finally, if the probe is inserted through a 

lateral port, the third vacuum stage and mass spectrometer [3] can be used with the 

probe to correlate T, and ne measurements with mass spectral observations. These 

types of studies should allow a thorough characterization of the region where space- 

charge effects are thought to cause ion loss and matrix effects in ICP-MS. 
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Table I. Instrumentation and operating conditions 

Commnent Operation Condition 

ICP generator: 
Type HFP-2500 with AMNPS-1 
impedance matching network Frequency: 27.12 MHz 
Loadcoil grounded at end 
nearest sampling orifice 

Forward Power: 1.25 KW 

ICP Torch: 
Fassel-type [17] 
Precision Glass Co. 
Colorado 

Ar Flow Rates: 
outer:15 l/MIN 
Auxiliary: 0.5 L/min 

Ultrasonic Nebulizer: Sample uptake rate: 2.2 mL/min 
Model UNS-1 Transducer power supply: -45 W 
RF Plasma Products, Inc. Transducer frequency: 1.36 MHz 
Transducer mount, spray chamber Desolvation Temperatures: - 100 C 
and desolvation apparatus: Transducer and condenser cooled 
Ames Laboratory design [18] with ice water. 

Ion Extraction Interface 1331: 

Vacuum System: 
First stage: mechanical pump 
second stage: diffusion pump 

Ion lens: 

Sampler orifice: 0.76 mm 
Skimmer orifice: 1.0 mm 
Sampling position: 10 mm 
from load coil, on center 

First stage pressure: 800 mtorr 
measured by Convectron 
thermocouple gauge, Series 250 
Granville-Phillips 

measured by ionization gauges 
Second stage pressure: 1x104 

Stainless steel cylinder 
13 mm diam. x 25 mm long 
located 45 mm from skimmer tip grounded 
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Table II. Measurement devices and operathg conditions 

Langmuir probe: 

Measurement device: 

Voltmeter 

Power supply (in house) 

Tungsten curve 
Exposed section: 
radius (rp) = 0.63 mm 
length (lp) = 5 mm 

Model 177 multimeter 
Keithley Instruments, Inc. 

True R m s  multimeter 
Model 8062A 
John Fluke Mfg. Co., Inc. 

-5ou + 5ov 
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Table III. T, values for "dry" plasma 

TJK) at indicated aerosol gas flow rates 

Probe distance 
(mm behind skimmer) 0 L/min 0.6 1 .o 1.4 

5 
10 
15 
20 
30 
40 

2700 K 4500 8100 8900 
3500 3000 8500 7800 
2900 3400 9000 8100 
3900 4500 8100 8500 
2500 4900 8700 1 lo00 
3000 3400 8400 9OOO 
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Table IV. T, values for "wet" plasma 

T,(K) at indicated aerosol gas flow rates 

Probe distance 
(mm behind skimmer) 0 L/min 0.6 1 .o 1.4 

5 3700 K 8400? 10000 9400 
10 2800 4900 9600 8500 
15 2800 5400 9700 6800 
20 2200 5600 11400 6400 
30 2200 5500 8900 7700 
40 3500 6600 9900 7000 
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Table V. Matrix effects on T, 

TJK) for indicated sample" 

Probe Blank Li Na Rb co U 
Positionb Solution (0.14 M) (0.14 M) (0.14 M) (1000 ppm) (1000 ppm) 

5 mm 
10 mm 
20 mm 
30 mm 
40 mm 

9800 
8600 
loo00 
loo00 
9500 

9200 
8100 
6300 
6900 
7000 

7400 
7600 

6000 
-- 

-- 

8000 
6800 
7600 

9600 
8600 
11200 
11000 
1 lo00 

12500 
10000 
12200 
13000 
13900 

a Aerosol gas flow rate = 1.0 L/min 
Probe distance (mm) from the skimmer tip downstream of plasma flow 
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Table VI. Debye length values at various at probe locations 

AD (mm) at indicated aerosol gas flow rates 

Typeof Probe 
Plasma Distance" 0 L/min 0.6 1.0 1.4 

5 
20 
40 

0.02 
0.07 
0.12 

0.05 
0.08 
0.16 

0.11 
0.23 
0.63 

0.38 
0.64 
1.20 

Wet" 
5 0.02 0.04 0.4 0.7 
lo -- 0.07 -- -- 
20 0.05 0.09 1.2 1.4 
40 0.13 0.21 2.3 2.6 

" Probe distance (mm) from the skimmer tip downstream of plasma flow 
Data from Table 2 and Fig. 4. 
Date from Table 3 and Fig. 5. 
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To hgh-vacuurn punp 

Fig. 1. Schematic diagram of ICP, ion extraction interface, and Langmuir 

probe (not to scale). See text and Table 1 for dimensions. A-E: ICP 

components and regions. F: sampling cone, G: skimmer cone, H: 

boundary layer outside sampling cone, I: supersonic jet, J: beam 

flowing through skimmer, K: cylindrical ion lens, L: Langmuir probe 

inside quartz sheath. 
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Typical I-C curves for aerosol gas flow rates of 0 (0), 0.6 (e), and 

1.0 L/min 0. The probe position was 40 mm from the skimmer tip. 
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Position (mm) 

Electron density at various probe positions for "dry" plasma at aerosol 

gas flow rates of 0 (0), 0.6 (O), 1.0 (V) and 1.4 Wmin (7 ) .  
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Fig. 5. 
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Electron density at various probe positions for "wet" plasma at aerosol 

gas flow rates of 0 (0), 0.6 (e), 1.0 (V) and 1.4 L/min (T). 
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Fig. 6. 

1 og 

1 on 

1 o7 

1 oa 
0 10 20 30 40 50 60 

Probe Position (mm) 
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Effect of matrix elements (0.14 MJ on ne: blank solution (0), LiNO, 

(v), NaN03 0, and RbNO, (0). A: ion mass = 40 ghole;  €3: ion 

mass = average of Ar and matrix element. The aerosol gas flow rate 

was 1.0 Llmin. 



170 

m 
'B 
0 

k 
4J 
0 
9) 

w r( 

Fig. 6. 

1 OB 

0 10 20 30 40 50  60 
1 OB 

Position (mu) 

B 

(continued) 



Fig. 7. 

171 

1 o8 

1 o8  

.... ".. ... i...".." ..i .._._ i _..̂ ._. 1 ....-- i .... 

....... . . . . . . . . . . .  
........ . . . . . .  ...._. i." 

...."_... i .....".. : : : :  

0 10 20 30 40 5 0  60 

Position (mm) 

A 

Effect of matrix elements (1000 ppm) on ne: blank solution (0), Co 

0, U (0).  A: ion mass = 40 g/mole; B: ion mass = average of Ar 

and matrix element. 
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(continued) 
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PAPER JII 

EXPERIMENTAL STUDIES OF THE PLASMA EXTRACTION AND 

ION BEAM FORMATION PROCESSES IN INDUCTIVELY COUPLED PLASMA- 

MASS SPECTROMETRY. I. SPATIAL-LY-RESOLVED DETERMINATION OF 

ELECTRON DENSITY AND ELECTRON TEMPERATURE 
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NIRODUCTION 

The ion extraction process is obviously critical in ICP-MS. Several studies 

have characterized ion extraction from a fundamental viewpoint. These include studies 

of gas dynamics [1,2] emission, fluorescence and Langmuir probe measurements in 

the supersonic jet [3-lo], the introduction of additional gases into the jet to evaluate 

its ionization capabilities [ll], characterization of the dissociation of metal oxide ions 

[12-141, studies of the effects of the sizes of the sampler and skimmer apertures and 

the separation between them [15,16], ion kinetic energy measurements [13,17-191, 

and modeling and measurement of space charge effects 120-221. A reasonable 

understanding of many of the main features of ion extraction has emerged from this 

work and from the consideration of the known properties of other supersonic 

expansions 123-251, including some jets extracted from plasmas similar to the 

analytical ICP [26]. 

The properties of free electrons are among the more important of these 

fundamental parameters. Previous studies have illustrated the feasibility of the 

Langmuir probe method for measuring electron temperature (Tel and electron density 

(ne) in a supersonic jet without the skimmer [SI and in the beam behind the skimmer 

[lo]. The: present work describes more complete T, and ne measurements with axial 

spatial resolution from near the sampler as far back as the entrance to the ion lens. 

Spatial resolution inside the supersonic jet is obtained by thrusting a small Langmuir 
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probe axially through the skimmer aperture, which is one novel aspect of the present 

work. Disturbances or perturbations in the supersonic jet due to the presence of the 

skimmer can be studied by this procedure. 

The measured values of T, and ne are used to calculate Debye length (A,,) at 

various spots in the extracted beam. These A, values are then used to evaluate the 

general question of charge neutrality in the extracted beam. Finally, the implications 

of these observations to ion sampling for ICP-MS are described. 
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EXPERIMENTAL 

ApDaratus 

A diagram of the plasma, sampler, skimmer, and probe is shown in Fig. 1. 

Important components and operating conditions are identified in Table 1. The 

apparatus has been described previously [lo]; it consists of a horizontal ICP and a 

conventional sampler and skimmer mounted on a two-stage vacuum chamber. The 

Langmuir probe was supported on a linear motion feedthrough mounted on the rear 

flange of the second stage. 

As shown in Fig. 1, the exposed probe tip was solid tungsten and was 0.12 

mm diam. x 2 mm long. Thus, the axial spatial resolution would be expected to be 

roughly the probe length, or 2 mm. Behind the exposed tip, the remainder of the 

probe was insulated by a drawn-out quartz pipet tip nested inside an alumina sleeve. 

The outside diameter of the pipet tip was approximately 0.3 mm, so it did not block 

the 1 mm hole through the skimmer appreciably. This probe assembly was mounted 

on a plastic connector and a stainless steel stand-off that was fastened to the linear 

motion feedthrough. Electrical signals from the probe ran through a connecting wire 

to an electrical feedthrough on the side wall of the second stage of the vacuum 

system. 

Figure 1 also shows the coordinate system used to describe the probe position. 

The coordinate 2 refers to distance from the sampler orifice to the middle of the 
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probe, Le., 1 mm from the tip. The skimmer tip was 10 mm behind the sampler. 

This distance is roughly 2/3 of the way to the onset of the Mach disk [1,2] and 

corresponds closely to the sampler - skimmer distance generally used in most ICP-MS 

devices 111. 

The probe could be inserted through the skimmer aperture into the supersonic 

jet between the sampler and skimmer. Thus, the shock waves formed on the outer 

wall of the skimmer, not on the probe. The increase in gas temperature and gas 

density behind such shock waves would probably melt the long, thin probe or cause it 

to become pitted or deteriorate in other ways. Instead, the heat was dissipated on the 

skimmer wall, so the probe stayed relatively cool. The theory used to interpret the 

current-voltage curves required a probe whose length was at least 30 times its radius 

[31-361, so a very thin probe was necessary to achieve the desired spatial resolution 

of - 2 mm. This probe was not visibly damaged after 20 hours of use. In contrast, 

a single, thick (0.76 mm diam.) probe exposed to the shock waves did become pitted 

and corroded during the previous experiments [7,8]. Moving the probe axially 

through or behind the skimmer also allowed measurement of the properties of both 

the supersonic expansion and the beam leaving the skimmer for the same plasma 

during the same experiment. 

The alignment of the probe was checked carefblly several times with the 

sampler removed. In particular, care was taken to ensure that the probe tip was 

precisely in the center of the skimmer orifice at Z = 10 mm. 



178 

Both sampler and skimmer were grounded in these experiments. A cylindrical 

ion lens was mounted behind the skimmer. This lens was also grounded. 

Operating Procedures 

Standard operating conditions are given in Table 1. As shown by HORLICK 

and co-workers, aerosol gas flow rate exerts a strong influence on ion signal, stability 

and matrix effects in ICP-MS [33. Therefore, aerosol gas flow rate was varied over 

a range of values found useful at the plasma power (1.25 kw) and sampling position 

(10 mm from load coil, on center) that would be employed if this device was used as 

a mass spectrometer. 

The water loading was varied as well. For a "dry" plasma, the argon flow 

was injected directly into the injector tube of the torch; Le., the usual nebulizer and 

spray chamber were bypassed. For a "wet" plasma, an ultrasonic nebulizer with 

desolvation was employed. Water droplets did not survive the desolvation step, so 

the water load reaching the plasma consisted solely of water vapor from the exit of 

the condenser. This water load was estimated to be either 2.9 or 4.8 mg/min at 

aerosol gas flow rates of 0.6 or 1.0 L/min, respectively. These values were 

calculated simply from the vapor pressure of water at 0 "C (4.58 torr) and the aerosol 

gas flow rate. The plasma had to be shut off to convert between "dry" and "wet" 

situations. No analyte or matrix elements were present in the sample in the present 

work. 
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Determination of T. from I-V Curves 

Several typical current - voltage (I-V) curves are shown for various probe 

positions in Figs. 2 and 3. These curves can be separated into the ion current 

saturation region at high negative probe voltages (i.e., the flat region at the left of 

each frame) and the electron retarding region where the current begins to rise as 

probe voltage becomes more positive (Le., the curved region at the right). T, is 

measured from the electron retarding part of the I - V curve, as described previously 

[S-lo]. Basically, the current due to electrons is evaluated as a function of probe 

voltage. This involves subtracting the current contribution from ions (IJ from the 

total measured current (lp) at each voltage value. A plot of In 6- Ii) versus probe 

voltage should then be a straight line with slope equal to e/kT, where e=electron 

charge and k=Boltzmann constant. 

Several typical plots are shown in Fig. 4 (with the probe in the jet) and Fig. 5 

(with the probe behind the skimmer). Straight lines are drawn through the linear 

sections at low applied voltage, the slopes of which yield T,. The particular curve 

shown in Fig. 5a had the narrowest linear region for any of the probe measurements. 

Most curves measured behind the skimmer had much longer linear regions, like that 

in Fig. 5b. This method of determining T, should be valid under the temperature 

and flow conditions prevalent in either the supersonic jet or in the beam leaving the 

skimmer [S, lo]. 
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Determination of V, and n, 

These parameters are evaluated from the same I-V curves used for T,. Vf is 

simply the probe voltage at which the net current is zero, as shown in Figs. 2 and 3. 

Electron density is determined by an involved procedure similar to that described 

previously [lo], with some important modifications. The following process is carried 

out for each I-V curve at each axial position [35,36]: 

1. Evaluate T, and V,. 

2. Measure the saturated ion current (IJ at an applied voltage equal to (V, - 

10UJ. Fortunately, the I-V curve slopes only very gradually in the ion 

current saturation region. Thus, a small deviation between V, and the true 

plasma potential (a very difficult parameter to evaluate [38]) does not cause 

much error in &. 

3. Calculate rdAD where rp = probe radius and A D  (cm) = 6.9 ~,@)/n,(cm -3 )] 112 . 
In general, ne decreases and ADincr~es as the probe is retracted farther 

behind the sampler. The dependence of ne on axial position z is estimated to 

be the same as that for the neutral gas density n [1,2]: 

n(z) = 0.161 n(z=O) (DJz)~ 

n,(z) = 0.161 n,(z =0) (DJz)~ 

(1) 

(2) 
Modest deviations from these assumptions do not influence the eventual 

measured values of ne greatly. 

Estimate Knudsen number (Kn). Knudsen number is basically the ratio of 4. 
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5. 

mean free path (A) to the size of an object immersed in the flow. For this 

calculation 

Kn = A h P =  x/(/2 ?r s2 n rp) (3) 

where s2 = collision cross section for Ar atoms = 4.1 x cm2 [1,2]. 

Because the mean free path and flow characteristics of the expansion change 

with axial position, Kn also must be calculated separately at each position. 

The neutral density is assumed to drop proportionately to 1/z2, as described 

above. 

For the appropriate value of Kn, read the corresponding value of a, from the 

solid line in Fig. 6, which is derived from papers by KIRCHOFF et al. [33] 

and LAFRAMBOISE [36]. This figure shows correction factors for n, 

measurements by Langmuir probes for various values of Kn. The dotted lines 

represent the curves given by KIRCHOFF et al.[33] except for the curve at 

Kn = 100, which is from LAFRAMBOISE [36]. The open circles are 

additional values of ai that we calculated for Kn values intermediate between 

those shown. We used the ai values shown in the solid line. 

The electron density is high near the sampler, so AD is small and the ratio rJAD 

is large (- 50). At these axial positions, the ai values on the right side of the 

solid line in Fig. 6 are used. As the probe is moved downstream, rJAD 

decreases, so the value of ai increases. Note that ai is approximately 

constant at 4.4 when rp/AD < 3, which is the situation at low h, Le., well 
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downstream in the beam [lo]. Here the probe is in the orbital-motion-limited 

regime [10,32]. 

Calculate ne from the following equation: 6.  

where 4 = probe area (excluding the end) and q = ion mass. As usual, mi 

is not known exactly, because there is no mass spectrometer to identify the 

ions. The calculation assumes mi equals the mass of argon (40 g/mole, 6.67 

x 10-''g/atom), which is certainly reasonable for a dry plasma. Even if all the 

ions from a wet plasma are O+ (mi = 16), which is unlikely, ne would be 

lower by [l - (16/40)'/'?1 = 0.37. In other words, the potential error in ne 

from the doubt about the ion mass is no greater than 37% and probably is 

substantially less. 
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RESULTS AND DISCUSSION 

Profiles of Electron Densitv in Supersonic Jet 

The dependence of neutral gas density (primarily argon in this case) on axial 

position in an ideal supersonic expansion is well-known and is given by Eqn. 1. 

Unlike most gas sources for supersonic expansions, the ICP contains a small fraction 

of charged particles. Since the original gas and sample is neutral, ionization creates 

equal numbers of positive and negative charges. Thus, the ICP is a quasineutral 

plasma, at least over distances long compared to the Debye length. DOUGLAS and 

FRENCH contend that the Debye length inside the sampler is small, so the plasma 

should flow through the sampler as a quasineutral plasma without significant 

separation of positive charges from negative ones [1,2]. Thus, electron density in the 

supersonic jet should also drop proportionally to 1/z2 as z increases, Le., as the probe 

moves farther downstream. 

To test this hypothesis, log-log plots of the measured n, as a function of 1/z2 

are provided in Figs. 7 and 8. For either a dry or wet plasma, these plots can be 

divided into two general regions. Near the sampler, Le., at small values of z or large 

values of 1/z2, the plots are linear with slopes that are close to unity. Thus, the 

electron density in the early phases of the supersonic expansion does decay 

proportionally to 1/z2, just as expected if the supersonic jet is still a quasineutral 

plasma. 
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Ideally, the electron density should continue to fall in the same fashion near 

the skimmer tip. However, the measured values of electron density first rise above 

the expected line and then fall below it. This change of behavior is shown more 

clearly in the semilog plots in Figs. 9 and 10. These plots typify the behavior seen 

for the various aerosol gas flow rates tested. The solid curve represents a 1/z2 fall in 

ne, fit through only the leftmost measured points. Beginning at z = 6 - 7 mm, the 

measured electron density rises above that predicted. Since the probe tip is 2 mm 

long, at z = 7 mm, the base of the probe tip is 8 mm behind the sampler, or 2 mm in 

front of the skimmer. Thus, the phenomenon that causes the rise in n, above the 

predicted curve in Figs. 9 and 10 begins between 2 and 4 mm in front of the 

skimmer. At the skimmer tip (z = 10 mm), the measured electron density is below 

that predicted. 

In previous work with a much thicker Langmuir probe (0.76 mm diam.) at 

z = 4 mm, the measured electron densities were -2 x 10” cm3, in good agreement 

with those reported in Figs. 9 and 10 [SI. Apparently, probe radius does not 

critically affect the measured n, values, which is reassuring. 

Electron Densitv at Sampler Tip 

The curves in Figs. 9 and 10 can be extrapolated back to z=O to estimate the 

electron density inside the sampling orifice. These extrapolated values are given in 

Tables 2 and 3, along with various literature values for n, in the plasma. These 
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literature values were measured optically by either the Stark broadening method using 

the HB or Arm emission lines or by Thomson scattering. All but one of the literature 

values were measured in a regular ICP without a sampling orifice present. 

Examination of these tables leads to several interesting observations. The 

electron densities estimated at the sampler are in the range 7 x 1014 to 9 x 

which is reasonable. The variation of n, with changes in aerosol gas flow rate and 

water loading are also reasonable. In only one case was n, measured optically in the 

gas flowing into the sampler, for a wet plasma at 1.0 L min-'. Here the literature 

~ m - ~ ,  

value (8 x lo1? cm3) agrees closely with the value extrapolated from ne measurements 

behind the sampler (7.3 x 1014 ~ m - ~ ) .  This particular optical measurement was done 

here in our laboratory [41], and the plasma and sampler used were very similar to 

those employed for the present work. 

Because the flow into the sampler alters the gas flow patterns in the ICP, the 

literature values for ne measured for the "regular" ICP may not be strictly comparable 

to those determined in the present work. Nevertheless, the overall magnitude of the 

electron density values from the 'regular" ICP agree reasonably well with those 

estimated from inside the jet, even though the work was done in different laboratories 

using different conditions (e.g., a MAK torch with much lower gas flow rates was 

used for many of the Thomson scattering results [39]). 

Tables 2 and 3 therefore show that n, at the sampler is similar in magnitude to 

and is clearly not vastly greater or lower than that in the ICP. This conclusion agrees 



with that described by DOUGLAS and FRENCH [1,2]. It does not support the 

hypothesis of CHAMBERS et al. 191 that the plasma undergoes substantial charge 

separation as it flows through the sampler. 

Electron Densitv at Skimmer Tip 

Electron densities measured inside the skimmer tip are given in Tables 4 and 

5. The measured ne values are below those expected from the 1/z2 fall of n, in the 

supersonic jet. The ratio n,(rneasured)/n,(expected) decreases as aerosol gas flow 

rate increases. Generally, this ratio also decreases when water is added to the plasma 

at constant aerosol gas flow rate. The conditions that cause the ratio to decrease also 

cause the plasma potential to increase [30], which is thought to intensify the 

secondary discharge between the plasma and the sampler [7,8]. 

These deviations of n, from ideal behavior at and in front of the skimmer 

probably indicate the presence of some type of disturbance in the supersonic beam. 

With the probe removed, the Knudsen number at the skimmer is defined as VDS. 

The skimmer diameter os) must be used here because the skimmer is now the 

obstruction to the flow. At the skimmer tip, Kn is approximately 0.2, in good 

agreement with DOUGLAS and FRENCH [l], who estimated Kn to be -0.3 at the 

skimmer tip. The literature concerning supersonic expansions indicates that 

disturbances are to be expected when Kn at the skimmer is I 1. Such disturbances 

include a) a thin shock in front of the skimmer, and/or b) perturbation of the straight 
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line beam flow by collisions of the beam with atoms reflected from the skimmer wall 

[24,25]. These problems don't change the total flow through the skimmer greatly, so 

the pressure behind the skimmer is not a sensitive indication of their occurrence. To 

our knowledge, these data represent the first indications of such disturbances in the 

sampling systems used for ICP-MS. 

CHAMBERS et al. suggest that the plasma flowing through either the sampler 

or skimmer is not quasineutral because of formation of an extended sheath around 

these metal objects [9]. Generally, such sheaths are believed to contain an excess of 

positive ions compared to electrons, because electrons are so much more mobile that 

they flow to the conducting metal surface much more rapidly than the ions [45,46 1. 

A thick positive ion sheath around the inside edge of the skimmer could conceivably 

account for the low values of n, measured there. However, other evidence to be 

discussed below does not support CHAMBERS' proposed deviations from charge 

neutrality over large distances in the jet or near the skimmer, so this explanation is 

not considered likely. 

Profiles of Electron Densitv Behind Skimmer 

Electron densities behind the skimmer are given in Figs. 11 and 12. This time 

the horizontal axis is l / (~ ' )~ ,  where z' = 0 at the skimmer tip. In most cases, n, 

behind the skimmer is proportional to 1/(~')~. The exceptions are the two plots 

obtained from the wet plasma at high aerosol gas flow rates in Fig. 12. The 
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curvature in these log-log plots indicates that there is no simple relationship between 

ne and z' in these cases, although n, does continue to decrease as 1/(z'>2 decreases, 

Le., as z' increases. Again, plasma conditions that result in a higher plasma potential 

and stronger secondary discharge result in non-ideal behavior, this time in the beam 

leaving the skimmer. The trends in n, with aerosol gas flow rate are reasonable, as is 

the agreement with n, values measured previously [lo]. 

I 

Electron Density Throughout the Extracted Beam 

The results described above are combined in Figs. 13 and 14. A solid line 

fitted to one particular set of n, values with no aerosol gas flow from 2 mm to about 

6 mm is also shown for comparison. For an ideal skimmer, the electron density 

behind the skimmer would continue to drop with the same dependence, as indicated 

by the dotted line. Instead, the measured values of n, behind the skimmer are much 

lower than those expected. If the beam passes through the skimmer as a quasineutral 

plasma, then the ion densities behind the skimmer are also much lower than expected, 

Suppose the entrance to an ion lens is located 40 mm behind the sampler. The ion 

density there is some 103 to 104 less than if the skimmer behaved ideally! 

Quadrupole-based ICP-MS devices measure roughly one analyte ion for every 10" to 

lo6 analyte ions through the skimmer [47l, depending on the vintage of the device. 

The low ne values behind the skimmer represent one possible contribution to ion loss 

and overall inefficiency in ion extraction in ICP-MS. 

! 



These measurements also show that ne first rises as the beam approaches the 

skimmer, then ne becomes substantially less than expected at and behind the skimmer. 

The solid curves beginning at z = 10 mm in Figs. 13 and 14 represent a l/(~')~ drop 

in ne, starting with the n, value measured at the skimmer. In most cases, the 

measured ne values fall off with roughly the same dependence as that shown for the 

solid curve. Thus, the extraction system behaves as if there is a new expansion 

source at the skimmer. The electron density then decays proportionately to V(Z')~ 

behind the skimmer (Figs. 11 and 12), except for the special case of a wet plasma at 

high aerosol gas flow rate. Thus, the discontinuity in the curves in Figs. 13 and 14 at 

z=10 mm is also consistent with some disturbance that starts just in front of the 

skimmer tip. 

A diagram suggesting the difference between this extraction system and an 

ideal one is given in Fig. 15. In the ideal case (Fig. 15a) the beam expands from the 

sampler directly through the skimmer, and n, decays proportionally to 1/22 through 

both sampler and skimmer. The presence of the skimmer tip has little effect on the 

beam properties other than to provide differential pumping and a lower background 

pressure, which prevents formation of a Mach disk. However, our measurements 

suggest that the beam first passes through a disturbance in front of the skimmer, 

depicted schematically by the dotted lines in Fig. 15b. After this disturbance, the 

beam diverges more extensively than in the ideal case, so ne behind the skimmer is 

lower than expected, at least for the skimmer used in the present work. 
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The apparent presence of a disturbance in front of the skimmer is moderately 

surprising in view of two earlier photographic studies of supersonic beam formation. 

GRAY shows’visual emission from the outside of the skimmer region in an ICP-MS 

device. The sampler and skimmer diameters and spacing are similar to those used in 

the present work. There is no visual evidence of a shock wave in front of the 

skimmer tip unless the pumping speed is reduced to the point where the stagnation 

pressure behind the sampler is 5 - 10 torr. At high stagnation pressure, the whole 

supersonic expansion contracts, and the Mach disk forms in front of the skimmer [6]. 

McMICHAFiL and FRENCH use an electron beam to excite luminescence from a free 

jet. They do not see a detached shock in front of the skimmer at a Knudsen number 

of -0.2, which is similar to the Knudsen number at the skimmer in the present work 

~481. 

For the wet plasma (Fig. 14), the ne values behind the skimmer for the curves 

obtained at high aerosol gas flow rate are substantially below the others. If the early 

phases of this beam are quasineutral, then the ion densities here are also much lower 

than expected when the plasma potential is substantial. Several laboratories have 

observed that plasma operating conditions that promote a high plasma potential and 

strong secondary discharge lead to poor ion transmission [45,49]. For example, 

several workers have found that reducing water loading can improve analyte 

sensitivity substantially with an ICP-MS device with an unbalanced load coil such as 

the one used in the present work [50,51]. The general dearth of ions in ICP-MS 

i 



191 

devices with a substantial plasma potential is consistent with the lower electron 

densities seen in the present work for the wet plasma at high aerosol gas flow rate. 

Estimated Error in n, 

The random error in ne was estimated from Equation (4) via propagation of 

error. The uncertainty in T, was estimated to be +lo0 K, and the standard deviation 

of & was calculated from the I-V curves. Typical uncertainties are shown in Table 6. 

In general, the relative standard deviation in n, was estimated to be -2% near the 

sampler, 3% near the skimmer, and up to 7% behind the skimmer. These 

uncertainties are small compared to the changes in n, with axial position. Of course, 

there may be systematic errors in any of these n, values, either from the uncertainty 

in ion mass (see Sect. 2.4) or to other problems common in Langmuir probe 

measurements [ 8-10,34-361, but we are confident that our results faithfully represent 

at least the trend of ne with axial position. 

Electron Temueratures 

Measured values of T, are shown in Figs. 16 and 17. First, consider the 

behavior of T, in the supersonic jet, Le., between z=O and z=10 mm. Essentially, 

T, increases with aerosol gas flow rate and is higher for a wet plasma than for a dry 
one. The magnitude of the T, values is generally 4000 to 12000 K. A T, range of 

4000 - 8000 K is reasonable for the ICP [39,44]. For the wet plasma at the highest 



192 

aerosol gas flow rate, the measured T, is much higher (16,000 to 18,000 K). These 

elevated T, values are again attributed to the secondary discharge, which is thought to 

increase the velocities and velocity spread of the electrons to artificially high values as 

they are extracted [SI. 

There is no consistent trend of T, with axial position in the jet. Sometimes, T, 

drops smoothly by -2OOO K as the beam nears the skimmer. In other cases, there is 

a - 1000 K increase in T, near the skimmer, which could be caused by the same 

disturbance that affects %, as discussed above. 

In general, the T, results agree with the expected behavior of T, in the jet 

described by DOUGLAS and FRENCH [1,2] and FRASER et al. [26] and with our 

previous probe measurements [8] Under plasma conditions that yield a low plasma 

potential and secondary discharge, the electrons may cool somewhat in the jet, but 

they still remain at temperatures above 4000 K, which is much hotter than the 

stagnation temperature of the neutrals (expected to be - 150 K) [1,2]. Plasma 

conditions that cause a high plasma potential and secondary discharge elevate T, 

drastically to values much higher than would be expected from the ICP alone. Thus, 

T, changes with water loading and aerosol gas flow rate in the opposite direction 

expected from the behavior of T, as these parameters are changed in the ICP alone 

[39,44]. Electron temperature is apparently much more sensitive to plasma potential 

than ne, as if a mild secondary discharge can readily affect the velocities of existing 

free electrons but does not create many new electrons by further ionization. 
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Behind the skimmer (z > 10 mm), a surprising result is obtained. T, drops 

drastically to values as low as 2000 K at z = 20 mm. T, then increases again at 

z > 30 mm. A similar, though less pronounced drop in T, behind the skimmer was 

seen in the preliminary work [SI One possible explanation for this trend been 

suggested by TANNER [Sl]. McDANEL describes a phenomenon called diffusional 

cooling [52]. In a beam containing electrons, the faster ones tend to diffuse farther 

from the center and are progressively depleted from the central axis as the beam 

moves farther away from the source. A smaller spread of velocities corresponds to a 

lower numerical value of T,. Thus, removal of some of the faster electrons would 

diminish the measured T, value in the center as the beam travels further downstream, 

which explains the drop in T, seen between z = 8 and z = 20 mm in Figs. 16 and 

17. However, this rationale does not account for the subsequent rise in T, observed 

after z > 25 mm, which remains unexplained. Perhaps the rise in T, after z > 25 

mm (Figs. 16 and 17) represents the breakdown of quasineutrality in the extracted 

beam. As discussed in the next section, the Debye length becomes large (- 1 mm) 

here, so perhaps external fields (such as the floating potential) can accelerate and re- 

heat electrons when the beam gets well behind the skimmer. 

Debye Length and Charge Neutrality 

The measured values of T, and n,dlow estimation of the Debye length (AD) at 

various points in the extraction process. Basically, AD is - lo4 mm inside the 



194 

sampler and - 1C2 mm inside the skimmer. Both these values are much smaller than 

the diameter of the holes through the sampler or skimmer, which are typically 1 mm. 

An electric sheath forms inside the inner edges of the sampler and skimmer orifices. 

Within such a sheath, the plasma is not quasineutral, as charge carriers of different 

sign reach the probe at different rates. These sheaths should be no more than a few 

Debye lengths thick [1,2,22,46] so the bulk of the flow should remain quasineutral as 

it passes through either the sampler or skimmer. 

As the beam leaves the skimmer and nears the ion lens, n, decays to the point 

where AD increases to - 2 mm. Here the Debye length is significant compared to the 

size of the b e m  and the dimensions of the ion lens, and the extracted beam is no 

longer quasineutral. 

This picture of the ion extraction process agrees closely with that described by 

DOUGLAS and FRENCH [1,2] and TANNER [22]. It does not support the 

contention of CHAMBERS et al. that substantial charge separation takes place in the 

supersonic jet [9]. This latter point is also pertinent to V, measurements, which are 

discussed in more detail in a separate paper [53]. 

The ratio rJA,must be > 0.1 throughout the beam for the probe model used 

to calculate nit0  remain valid. Generally rp = 0.12 mm > > AD, except for the 

largest A, values far downstream in the beam near the ion lens. Even here, the 

largest value of AD is - 2 mm and rJAD -0.03, which is close enough to 0.1 for the 

conditions of the probe model to be just satisfied. 
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Estimate of Sheath Thickness 

AXFORD and HAYHURST have recently discussed electrical sheaths in great 

detail [46]. They sampled an atmospheric pressure flame seeded with Cs (n, - lo7 

to 1O'O ~ m - ~ )  through a relatively small sampler (80 to 200 pm diam.). The sheath 

thickness was found to be substantial compared to the sampler diameter, particularly 

when the flame was operated at low %, Le., no Cs dopant was added. 

Application of the concepts from AXFORD and HAYHURST'S paper to the 

extraction system in ICP-MS is instructive. The approach can be visualized by 

referring to the cross-sectional diagram in Fig. 18. Basically, the edge of the sampler 

is considered analogous to a spherical Langmuir probe of radius r, as indicated by the 

solid circle inside the lower lip of the sampler in Fig. 18. For the samplers used in 

ICP-MS, a typical value of r is -0.05 mm. We extend the approach inside the 

vacuum system to the tip of the skimmer, which is also considered to be a Langmuir 

probe. The various regimes for probe operation described by SMY [54] are then 

invoked, much as we did during Langmuir probe measurements in the ICP [55]. This 

step involves estimation of the electric Reynolds number (RJ and the dimensionless 

quantities a (not to be confused with ai in Eqn. 4) and c. These parameters are 

defined and typical values are given for them in Table 7. Since the mobility osi) of 

the ions can only be estimated, a range of R, values are employed. The crucial 

quantities are the products %a2? and ka2. 

Table 7 shows that ka2y C C 1 at the sampler for any reasonable values. 
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The sampler behaves like a Langmuir probe in the diffusion-convection regime, in 

which the sheath is much thinner than the boundary layer around the inner edge of the 

sampler [46,55,56]. This boundary layer is, in turn, thin compared to the hole 

diameter, because the flow through the hole is of a continuum nature. Thus, a 

relatively thin sheath forms along the inner edge of the sampler. 

The skimmer tip is also analogous to a Langmuir probe but in a different 

probe regime. Here I,, is longer and the flow velocity (VJ is substantially higher (see 

Table 7), assuming the beam still passes through the skimmer under supersonic flow. 

The skimmer is usually more sharply pointed than the sampler, hence r = 0.02 mm. 

At the skimmer ka2x2 > 1 and %a2 = 1 to 10. These conditions are 

borderline for the sheath-convection regime, in which the sheath thickness is 

comparable to boundary layer thickness. The sheath thickness (YJ now is [46] 

For the conditions given in Table 7, we estimate Y, to be 0.03 to 0.04 mm, Le., 

several Debye lengths, just as proposed by DOUGLAS and FRENCH [1,2]. Thus, 

AXFORD and HAYHURST’s treatment yields precisely the same practical result as 

DOUGLAS and FRENCH, that the sheaths around the inner edges of the sampler and 

skimmer are much thinner than the corresponding hole diameters. 
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CONCLUSION 

The main findings from the present work can be summarized as follows: 

1. Electron densities estimated inside the sampling orifice are similar to those 

expected outside in the ICP. Simultaneous optical measurements of n, just in front of 

the sampler and Langmuir probe measurements in the jet are necessary to further 

validate this point. 

2. The measured values of T,, ne and A,, as well as the observation that n, 

generally falls off proportionally to 1/z2, indicate that the plasma remains 

quasineutral as it passes through both the sampler and skimmer. 

3. The electrons stay hot (Te > 4000 K) in the supersonic jet. In some cases, 

T, then drops as the beam passes through the skimmer, for reasons that may be 

related to diffusional cooling seen by other investigators in beams containing 

electrons [53]. 

4. A disturbance in front of the skimmer causes the electron density there to 

be substantially higher than expected. The electron density in the beam behind the 

skimmer then drops as if the beam comes from a new expansion source at the 

skimmer tip. 

5. Behind the skimmer, the electron density in the beam center falls off with 

axial position much more rapidly than expected if the skimmer behaved ideally. Near 

the ion lens, the electron density is less than expected by a factor of 103 to l@. 
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Assuming the ion density also decays in a similar manner, this phenomenon could be 

a major source of the overall inefficiency of ion transmission in ICP-MS. With 

typical quadrupole instruments, only 1 ion reaches the detector for every 104 to 106 

ions through the skimmer [43. 

6. Use of plasma operating conditions that induce a high plasma potential 

cause various deviations from expected behavior in the extracted beam. 

Some additional interesting studies are suggested by these results. Is the 

disturbance in front of the skimmer a general phenomenon seen in other ICP-MS 

devices or is the disturbance unique to the skimmer geometry and gas flows used in 

this study? Optical measurements [3-51 of the basic properties of this disturbance at 

various skimmer cone angles and skimming positions should prove interesting in this 

regard. If indeed the ion density behind the skimmer is several orders of magnitude 

below that expected for an ideal quasineutral beam, what happened to the lost ions? 

We have been attempting to deposit ions behind the skimmer onto spatially separated 

solid targets to address this issue [56] as has FARNSWORTH’s group [53. Can 

anything be done to mitigate the extensive loss of ions in the beam behind the 

skimmer? How are the beam properties affected by highly concentrated matrix 

elements and by the application of various voltages to the ion lenses? Clearly, 

important questions remain in our basic understanding of the ion extraction process in 

ICP-MS . 
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Table I. Instrumentation and operating conditions 

ComDonent 

Ultrasonic Nebulizer [27,28]: 
Model U-5OOO 
Cetac Technologies 
Omaha, NE 

ICP generator: 
Type HFS-3000D with 
MN-3ooOE matching network 
Plasma-Therm, Inc. 
(now RF Plasma Products 
Kresson, NJ) 

ICP Torch: 
Fassel-type [29] 
Precision Glass Co. 
Englewood, Colorado 

Sampling cone: 
Ames Lab construction 

Skimmer cone: 
Ames Lab construction 

Operation Condition 

Sample uptake rate: 2.2 mL/min 
Transducer power: 45 W 
Frequency: 1.36 MHZ 
Desolvation Temp. 140 "C 
Condenser temp. -5 "C 

Forwardpower: 1.25 KW 
Frequency: 27.12 MHZ 
Loadcoil grounded at downstream 
end nearest sampling orifice 
see Fig. 2x of ref. [30] 

Argon Flow Rates (L/min): 
Outer: 15 
Auxiliary: 0.5 
Aerosol: 0-1.5 

Material: nickle 
Orifice diam.: 0.76 mm 
Internal angle: 90" 
External angle: 100" 
Sampling position: 10 mm 
from load coil, on center 

Material: stainless steel 
Orifice diam.: 0.76 mm 
Internal angle: 50" 
External angle: 60" 
Skimmer tip 10 mm behind sampler tip 
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Table I, (continued) 

Vacuum System: 

First stage: 

Second stage: 

Ion lens: 

Ammeter and voltage supply 

Rotary pump, speed: 10 I/s 
pressure: 0.8 torr 
measured by Convectron 
thermocouple gauge, Series 250 
Granville-Phillips, Boulder, CO 

Diffusion pump with liquid N2 trap 
Pumping speed, 1600 Us 
Second stage pressure: 2x104 
measured by ionization gauges 

Stainless steel cylinder 
13 mm dim. x 25 mm long 
located 45 mm from skimmer tip 
grounded 

Model 177 multimeter 
Model 487 picoammeterholtage source 
Keithley Instruments, Inc. 
Cleveland, OH 

* conditions: 10 mm from load coil, on center, 1.25 kw. 
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Table 2. Extrapolated values for electron density at sampler entrance for dry ICP. 

Electron Density ( ~ m - ~ )  

Aerosol gas At sampler In ICP In ICP 
flow rate (L/min) Langmuir Probe Thomson scat.[39] emission [40] 

0.5 

0.6 

0.9 

1.0 

-- 

4 . 4 ~  1 015 

2.1x10*5 

5. Ox 

* conditions: 10 mm from load coil, on center, 1.25 kw. 
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Table 4. Measured electron density at the skimmer entrance for dry ICP. 

Aerosol Gas Flow Number Density ( ~ r n - ~ )  
(L/min) 

Measured Expected Ratio 

0 5.7 x10l2 9 .4~10 '~  0.61 
0.6 2.5 x10l2 4 .1~10 '~  0.61 
1.0 0 . 5 5 ~  1OI2 2 .1~10'~  0.26 
1.3 0.23~10'~ 1 .3~10 '~  0.18 
1.5 0.16~10'~ 1.1~10'~ 0.15 
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Table 5. Measured electron density at the skimmer entrance for wet ICP. 

Aerosol Gas Flow Number Density ( ~ m - ~ )  

Measured Expected Ratio 

0 i.iX1013 i.iX1013 1 .o 
0.6 1 . 9 ~ 1 0 ' ~  2 . 9 ~ 1 0 ' ~  0.65 
1.0 8 . 6 ~ 1 0 ' ~  6.0~10" 0.14 
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Table 6. Fundamental parameters and conditions at sampler and skimmer [54, 551. 

Symbol and Value at Value at 
Definition Sampler Skimmer 

Dimensionless a =XJr 
quantity 

Electron density n e  

Radius of metal at r 
edge of sampler or 
skimmer 

Electric Reynolds &=2vr/pi(DJe) 
number 

Electron Te 
Temperature 

Ion mobility Pi 

Flow velocity Vf 

Dimensionless x = eV/W 
quantities 

R&Y2 

2 x 10-3 

1 x 1015 cm-3 

0.05 mm 

0.18 - 0.48 

8000 

3x10” - 8~10-~ 
(m”U’s1) 

103 cm3 

7.2 for V=5 volts 

4 ~ 1 0 ~  - 1 ~ 1 0 ~  

not necessary 

0.5 

1 x 1013 cm-3 

0.02 mm 

14-39 

8000 

3~10‘~ - 8x1U3 
(m%-?sl) 

7.2 

180-500 

3-10 
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P2 - 2x1 04 

I I 
I F 

Fig. 1. Scale diagram of apparatus. A: ICP showing arrangement of load coil and 

metal shielding plate; B: sampler cone; C: zone of silence of supersonic 

jet; D: skimmer: E: cylindrical ion lens; F: Langmuir probe on shaft 

driven by linear motion feedthrough. 
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Typical I-V curve obtained at 30 mm behind skimmer. 
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Plot for determining T, at two axial positions: 8 mm behind sampler (a) 

and inside skimmer tip (M). 
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Typical plots for determining T, at two axial position: 5 mm behind 

skimmer (A) and 30 mm behind skimmer (€3). 
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Fig. 6. Plots for determining ai to calculate ne at various axial positions. Dotted 

lines represent values given by Laframboise [36]. Points represent values 

calculated by us based on Lafi-amboise’s model. Solid line represents 

values used in present work. See text for explanation. 
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Measured values of electron density plotted vs. axial position between 

sampler and skimmer 1/z2 for dry plasma. The leftmost point is 2 mm 

behind the sampler. The rightmost point is at the skimmer tip. 



219 

n n 
I 
I 
0 
U 

G 
II) 
Z 
W 

I 
0 

n 

E 
8 
-I 
W 

Fig. 8. 

1 d4 

1 0l2 

WET P U S Y A  

1 oo 1 0-1 

1 /Z2 

Measured values of electron density plotted vs. 1/z2 between sampler and 

skimmer for wet plasma 



220 

n n 
I 
I o v 

t: 
v) 
Z 
W 

z 
0 
E 
i- o w 
J 
W 

n 

Fig. 9. 

DRY PLASMA 
1.0 L/min 

- 1/z2 - ". 
13 Meas. n. 

1 I I 1 1 I 
0 2 4 6 8 10 12 

AXIAL POSITION (MM) 

Measured values of electron density plotted vs. axial position between 

sampler and skimmer. Conditions: dry plasma at aerosol gas flow rate = 

1 .O L/min. The solid curve represents a 1/z2 dependence fitting to the four 

leftmost points. 
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Fig. 10. 
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AXIAL POSITION (MM) 

Measured values of electron density plotted vs. axial position between 

sampler and skimmer. Conditions: wet plasma at aerosol gas flow rate = 

1.0 L/min. The solid curve represents a 1/z2 dependence fitting to the four 

leftmost points. 
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Fig. 11. 
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Measured values of electron density behind skimmer plotted vs. 1 / (~ ’ )~  for 

dry plasma at various aerosol gas flow rates: 0 (o), 0.63 (e), 1.0 0, 

1.35 (T) and 1.5 L min-’ (a). The leftmost point is 2 mm behind the 

skimmer. 
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Measured values of electron density behind skimmer plotted vs. 1/(~‘)~ for 

wet plasma at various aerosol gas flow rates: 0 (a), 0.63 (=), 1.0 0, and 

1.5 L min-’ (A). 
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and 1.0 (V) L min-*. The solid line and curve represent 1/z2 dependence 

of n, on axial position. The dotted line represents the electron densities 

expected if the skimmer behaved ideally. See text for discussion. 
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The solid lines represent 1/z2 dependence of n, on axial position. The 

dotted line represents the electron densities expected if the skimmer 

behaved ideally. See text for discussion. 
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ZONE OFSILENCE 

NE OF SILENCE 

Suggested depiction of the effect of the skimmer tip on the supersonic 

beam. A: ideal case with no disturbance at skimmer; B: real case in which 

disturbance at skimmer acts as new expansion source and disperses beam 

behind skimmer. 



227 

PO - 

Fig. 15. (Continued) 



228 

5000 

4000 

3000 

2000 

r\ 
Y 
v 
w 
K 
3 
I- 
U 
W 

a 

a 
2 
I- 
Z 
0 
E 
I- o 
W 
Y 

- 

- 

- 

Fig. 16. 

6ooo I A 
0 0 L/min 
0 0.6 L/min 

1 1 I 

0 10 20 30 40 50 

AXIAL POSITION, (MM) 

Measured electron temperature for dry plasma. The aerosol gas flow rate 

was 0 (O), 0.63 (e), 1.0 (o), and 1.5 L min-* (=). The skimmer tip is at 

10 mm. 



0 

.-L 

0 

N 
0 

tc 
0 

P 
0 

VI 
0 

N P 
0 0 
0 0 
0 0 

ELECTRON TEMPERATURE (K) 

m 
0 
0 
0 

OD 
0 
0 
0 

--. 
0 
0 
0 
0 

-. --L 

N P 
0 0 
0 0 
0 0 

% I  



230 

1.25 krr 
25000 

20000 
.) 

Q) 

3 
rb 
k 15000 
pc 

Q) 

5 

B 

0 10000 
k 
3 u 
Q) 

w .-( 

5000 

0 

Fig. 17. 

o 0 L/min 
0 0.6 L/min 
v 1.0 L/rnin 

0 10 20 30 40 50 

Axial position Z, mm 

Measured electron temperature for wet plasma. The aerosol gas flow rate 

was 0 (o), 0.63 (e), 1.0 L min-' 0. 



23 1 

ICP 

v f -  10 
3 

Fig. 18. 

anh 
5 

V f  “2x10 c d s  

Y 

SHEATH THICKNESS 
Ys 

r - 0.02mm r LI 0.05mm 
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PAPER IV 

EXPERIMENTAL STUDIES OF THE PLASMA EXTRACTION AND ION 

BEAM FORMATION PROCESSES IN INDUCTIVELY COUPLED PLASMA- 

MASS SPECTROMETRY. II. FLOATING VOLTAGE AND RF VOLTAGE 
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INTRODUCTION 

ICP-MS has developed into a highly sensitive and selective technique for 

elemental and isotopic analysis. Despite its analytical success, ICP-MS still suffers 

from certain weaknesses such as matrix effects [l-61 and mass bias [2,7-91. In 

addition, for common quadrupole devices, the overall ion transport efficiency is only 

roughly 1 ion detected for 106 to lo7 ions passing through the sampler [lo-121. 

Conceivably, these problems could be rectified to some extent based on an 

improved understanding of the processes responsible for ion extraction and ion beam 

formation. Several important theoretical studies of the ion extraction process include 

definitive papers on gas dynamics by Douglas and French [13] and on space charge 

effects by Gillson et al. [14] and Tanner [lS]. These studies are supported by a 

variety of measurements, including optical spectroscopy [16-201, ion kinetic energy 

measurements [21-241, ion deposition [25], and high speed photography [26-281. 

Langmuir probe studies in the plasma [29-331, behind the sampler [34-381, and behind 

the skimmer [38,39] have also been reported.. 

This paper accompanies a recent one in which a single Langmuir probe is used 

to determine electron density and temperature in the supersonic jet and behind the 

skimmer during the same experiment [38]. Measurements of floating voltage on a 

biased probe and RF voltage on a floating probe are reported and discussed. 
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EXPERIMENTAL 

& Measurements 

The apparatus for these measurements is described in the companion 

manuscript [38]. It consists of an ultrasonic nebulizer and desolvator [40], a 27 

MHz fixed-frequency ICP sustained in argon, a grounded sampler and skimmer on a 

two-stage vacuum system, and a tungsten Langmuir probe. This probe is positioned 

axially in either the supersonic jet or the beam leaving the skimmer. For a so-called 

"dry" plasma, the nebulizer is bypassed and the aerosol gas is added directly to the 

injector tube of the torch. 

The load coil has the RF voltage applied to the upstream end, i.e., the end 

closest to the inner tubes of the torch. The downstream end of the coil is grounded 

both to a copper block on the wall of the impedance matching network and by a 

copper strap soldered to the copper box used to shield the torch. This coil 

arrangement reduces the plasma potential and secondary discharge substantially but 

does not totally eliminate them as shown in previous Langmuir probe experiments 

[30,34] and measurements of ion kinetic energies [21-231. 

Floating voltage is measured from the intercept of a plot of current vs. applied 

voltage, as illustrated by the typical I-V curve in Fig. 1. We also measured the 

voltage on a floating probe by connecting it to a voltmeter with high input impedance. 

When the probe was in the supersonic jet, these latter voltages were similar to the V, 
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values, as shown before [39]. However, the floating probe yielded erratic results 

when used behind the skimmer. In many cases, the probe apparently assumed a 

voltage of only several mV. Other times, the voltage drifted erratically and did not 

stabilize. In both these cases the probe acted as if there was no reference electrode in 

the circuit. For this reason, only the Vf method was used. 

RF Voltage Measurements 

In the course of other experiments designed to intensify emission from the 

Mach disk, an RF voltage was measured on a floating graphite electrode positioned 

behind the Mach disk. This apparatus is shown in Fig. 2, and operating conditions 

and components are described in Table 1. Note that the plasma and vacuum chamber 

were very different from those used for the other results described below. The other 

apparatus used previously for the Vf measurements was not available for RF voltage 

experiments, and these latter results are pertinent to the theme of this paper, so these 

initial RF voltage results are described here. 
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RESULTS AND DISCUSSION 

Floating Potential 

The Vf values described in this section are derived from the same I-V curves 

used in the companion paper in number density measurement [38] and are directly 

comparable to them. Results are shown for various axial positions (denoted by 

coordinate z) for a dry plasma in Fig. 3. 

First, consider the following trends in Vf with axial position. As the probe is 

moved between the sampler and skimmer (z = 2 to 10 mm), Vf drops slightly, which 

agrees with the observation of Chambers et al. [33  that voltage doesn’t change much 

with axial position inside the supersonic jet. At low values of aerosol gas flow rate 

(< = 0.65 L/min), Vf also drops only gradually as the probe is retracted back 

through the sampler into the beam behind the skimmer (z = 10 to 50 mm). However, 

at high aerosol gas flow rate (2 0.65 Llmin), Vf drops substantially behind the 

skimmer and changes to negative polarity. 

Fig. 3 also shows that Vf inside the jet (z = 2 to 10 mm) increases at first as 

aerosol gas flow rate increases up to 1.0 L/min. Floating voltage then decreases as 

aerosol gas flow rate increases above this value. The same trend in V, is seen if the 

probe is in the ICP (Le., outside the sampler) for a plasma operated with the same 

type of load coil used in the present work [30]. 

Floating voltages for the beam extracted from a wet plasma are shown in 
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Figure 4. In this case, Vf in the supersonic jet essentially increases with aerosol gas 

flow rate. There is a sharp drop in Vf near the skimmer tip (z=10 mm) at the two 

higher values of aerosol gas flow rate (1.0 and 1.35 L/min). Chambers et al. found 

that probe voltages dropped when the probe was moved into either the barrel shock or 

Mach disk [33. Thus, the drop in V, near the skimmer may be caused by a 

disturbance in front of the skimmer, as discussed in the companion paper [38]. If so, 

the disturbance is apparently more severe for a wet plasma at high aerosol gas flow 

rate. Finally, the V, values behind the skimmer for the wet plasma do not go nearly 

as far negative as those for a dry plasma. 

The general range of V, values in the supersonic jet (+2 to +6 V) agrees 

closely with those measured previously with Langmuir probes without the skimmer 

present 135,371. When this instrument was configured as a mass spectrometer, the 

best aerosol gas flow rate was in the range 0.65 to 1.0 L/min. A plot of ion kinetic 

energy vs. ion mass would intercept the energy axis at +3 to +5 volts [41], in good 

agreement with the range of V, values reported here. Thus, the offset of several eV 

seen in such plots of ion energy vs. mass can be caused by smdl residual voltages 

inside the sampler, as suggested by Fulford and Douglas [22], although space charge 

effects can also displace the measured energies for light ions to high values as well. 
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RF Voltage 

Results for these measurements are shown in Figs. 5 and 6. In each case, a 

wave at approximately 40 MHz is seen, which is the nominal operating frequency for 

the plasma used. This generator is free-running, so the actual frequency changes with 

forward power and aerosol gas flow rate in such a way as to minimize reflected 

power [42]. 

In this discussion, we are mainly concerned with the amplitude of the RF 

signal from the probe. As shown in Fig. 5, the RF amplitude increases with aerosol 

gas flow rate up to 0.6 L/min and then decreases. The RF amplitude increases 

slightly with forward power (Fig. 6).  Summation of each of these curves yields the 

average voltages shown in Table 2. These average voltages are in the range +1 to 

3-4 volts and are similar to the Vf values seen between the sampler and skimmer. 

This particular plasma operates with a balanced circuit and probably has a lower 

plasma potential than the one used for the Vf measurements. 

Close examination of the curves shows that the negative-going peaks are more 

rounded off than the positive ones. Presumably, ions try to flow to the probe when 

the probe is negative, but the ion current may reach a limit because of the low 

mobility of ions, or ions response to the RF filed change more slowly by moving 

through the electrical double layer on the probe surface. 

A "blank" experiment was performed with the pump valved off and the 

chamber allowed to vent with argon from the plasma. The plasma was positioned 
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against the sampler as usual, but there was no gas flow through the sampling orifice. 

As shown in Fig. 7, only a small RF voltage is seen in this case, and it is distributed 

symmetrically about V = 0. This signal is primarily RF pickup in the cable used to 

connect the probe to the oscilloscope. This RF pickup is small compared to the 

voltages observed when the plasma was flowing through the sampler, so the signals 

shown in Figs. 5 and 6 are not merely due to RF interference in the cable. This 

observation shows that the plasma must flow though the sampling orifice for there to 

be a substantial RF voltage behind the sampler. 

Plasma Rectification 

These voltage measurements can be reconciled with previous ones with the aid 

of Fig. 8, which compares voltage measurements inside and outside the interface. The 

discussion concentrates on apparent DC voltages measured by slow circuits, but the 

reader should note that these DC values are actually caused by RF voltages from the 

plasma. The discussion also presumes that the voltage measured on a floating probe 

is similar to the floating voltage, i.e., the intercept of an I-V curve from a biased 

probe. 

First, a probe is inserted into a "normal" ICP that is not in contact with a 

sampler pig. 8a). Both ions and electrons go to the probe. Electrons flow to the 

probe faster than ions, so the probe builds up a negative DC voltage, as seen by Gray 

et al. [38]. Without contact between the plasma and a reference such as the sampler, 
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the probe simply floats at - -40 V. Such a probe also sees a significant RF voltage 

determined by the extent of capacitive coupling between the load coil and plasma, as 

described by Douglas and French [29]. 

In the next scenario, the probe is inserted into a plasma that is also in contact 

with the sampler (Fig. 8b). Now the plasma is in electrical contact with ground 

through the sheath around the sampler. An equivalent circuit that describes the 

coupling of the plasma to the sampler has been described by Koppenaal [43]. 

Essentially, the sheath acts like a capacitor, and the plasma is rectified through it. 

This rectification effect causes the plasma to float to an apparent positive potential, 

which is sensed by the probe [30]. 

With the types of load coils used for the V, measurements reported in this 

paper, this offset DC voltage is typically a few volts. However, when in the plasma, 

the probe operates in a collision-dominated regime. Cooling of electrons and 

recombination of electrons with ions in the boundary layer around the probe can 

affect the measured voltage [44], which does not necessarily equal the voltage actually 

present. However, the change in voltage with modest changes in aerosol gas flow 

rate, power or solvent loading is consistent with changes in mass spectral 

characteristics such as ion kinetic energies, abundance of doubly charged ions, etc. 

[30]. Thus, the trends of probe voltage as plasma operating parameters change are 

probably reasonably representative of the corresponding changes in the plasma, even 

if the voltages measured do not equal those actually plasma potential. 
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Next, the probe is put through the skimmer into the supersonic jet (Fig. 8c). 

The flow through the sampler carries an electron current of -0.5 mA, as well as an 

equivalent ion current [14,45]. The ions and electrons present in this gas flow make 

it a good conductor, and the RF potential from the plasma readily passes through the 

sampler into the supersonic jet. There is an electrical sheath around the inner edge of 

the sampler, and this sheath shields the extracted plasma from the electrically- 

conducting sampler. The sheath inside the edge of the sampler is only - 104 mm 

thick [38], so the fluctuating RF voltage in the plasma is conducted right through the 

orifice by the flow of charged particles in the sampled gas. The observation of a 

reasonable RF potential behind the sampler is further proof that the sheath around the 

sampler is relatively thin, a point which is belabored at length in electron density and 

electron temperature studies reported in the companion paper [38]. 

The RF potential inside the jet can rectify to either the sampler or skimmer, 

maybe both, in the same way as in the plasma. The conditions inside the jet are 

reminiscent of those in RF glow discharges, which operate in a similar pressure 

regime (- 1 torr) [46]. 

Finally, the probe is retracted through the skimmer (Fig. 8d). Here the 

electron density is much lower than in the supersonic jet. In principle, the RF 

potential from the jet should still pass through the skimmer, because the sheath 

around the inner edge of the skimmer is - 
than the diameter of the orifice. However, the rectification effect requires enough 

mm thick and is still much smaller 



242 

charge carriers for a low impedance path from the RF source through the skimmer. 

Thus, the rectification effect still occurs, and V, stays positive, when the aerosol gas 

flow rate is 0 or 0.65 L/rnin for a dry plasma (Fig. 3), because a low aerosol gas 

flow rate corresponds to a high electron density in the plasma, the jet and in the beam 

behind the skimmer [32,35,38]. 

At higher aerosol gas flow rate or for a wet plasma, the electron density is too 

low and there is effectively no reference electrode for the rarefied beam behind the 

skimmer. Therefore, Vf drifts to a negative value for the same reasons a negative 

voltage is seen with the probe outside the interface in a plasma that is not in contact 

with a sampler. This explanation also accounts for the unsuccessful attempts to 

measure voltage with a floating probe behind the skimmer described in last section. 

Calorelectric Effect 

The probe voltage measured in these experiments is probably also influenced 

by the calorelectric effect described by Klein [47l and von Engel and Cozens [48]. 

If two probes are immersed in a flame or plasma, a potential difference develops 

between the probes if they are at different temperatures. The colder probe is at the 
more positive potential. This potential difference is suggested to be caused by changes 

in the electron energy due to collisions and cooling of electrons in the sheath and 

boundary layer surrounding each probes. 

When the ICP is in contact with the sampler, the sampler serves as a second 
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electrode. If a relatively thick probe (diam. - 1 mm) is now swung through the ICP, 

the boundary layer around the probe is probably thicker and cooler than that at the 

inner edge of the sampler, because there is no gas flow through the solid probe. 

Thus, the electrons cool more extensively as they go to the probe, so the calorelectric 

effect contributes a positive component to the overall probe voltage, measured relative 

to the grounded sampler. The situation is similar inside the sampler in the supersonic 

jet. The probe is now immersed in the cold supersonic flow, while both the sampler 

and skimmer tip are hot. Indeed, Gray’s photographs show that the shock waves on 

the outside of the skimmer make the skimmer tip nearly as hot as the sampler [49]. 

In the beam behind the skimmer, the probe is also undoubtedly cooler than the 

skimmer. Hence, the calorelectric effect would be expected to make the probe 

positive with respect to either the sampler or skimmer. 

If the probe is moved into the barrel shock or Mach disk, or into the 

disturbance thought to exist in this particular system just in front of the skimmer, the 

probe is heated and its temperature increases. Thus, the probe temperature moves 

closer to the temperature of the sampler and skimmer, and the measured voltage on 

the probe becomes less positive, as seen experimentally [38]. 

Von Engel and Cozens provide a formula for estimating the magnitude of the 

calorelectric effect. 

V - -~J2e)ln(Tem+/T+m,J 

Here T, = electron temperature (typically 8000 K), T+ = gas kinetic temperature of 
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ions (typically 6OOO K), m, = electron mass and m, = ion mass (40 glmole for an 

argon ICP). Insertion of these typical values into this equation yields a voltage of + 
4 volts. Clearly, this phenomenon could readily contribute to the measured DC offset 

voltages in the ICP and the interface. 

Charpe Neutrality 

Chambers et al. have argued that the measurement of a positive voltage in the 

supersonic jet indicates that the plasma therein deviates from overall charge neutrality. 

They estimate that a 1% excess of positive ions relative to electrons would suffice to 

generate the observed potential of several volts [37l. In contrast, the mechanisms 

discussed above (plasma rectification and the thermoelectric effect) can generate a 

non-zero voltage on a probe even if the surrounding plasma remains quasineutral. In 

our opinion, the measurement of a non-zero potential on a probe simply indicates that 

the probe is surrounded by a cloud of charge carriers whose overall composition is 

non-neutral, as is the case for an electrode immersed in an electrolyte solution. 

Electron densities and temperatures inside the supersonic jet are remarkably 

like those in the negative glow of a glow discharge, which is commonly considered 

quasineutral even though a non-zero voltage is seen when a probe is immersed 

therein. Although we cannot measure electron density and ion density accurately 

enough to discern a 1% imbalance in overall charge neutrality, we do point out that 

there are numerous other reasons why a probe in a plasma can float to a non-zero 
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voltage other than charge imbalance in the bulk of the plasma. 

In a plasma beam, electrons play an important role in sustaining positive 

charged particles. If a plasma is disturbed from neutrality for any reason, naturally 

there will be large resorting forces striving to re-establish the status of neutrality. 

Electrons move faster and more likely to lose by diffusion or collision on the metal 

surface. However, the electrostatic field will be build and tend to keep charge 

neutrality. 

The sampling cone is an electrical conductor. As the sampler is inserted into 

the plasma, an electrostatic double layer will build up next to the surface of the cone. 

It is no longer electrically neutral inside the sheath and charge carriers from the 

plasma can be neutralized as encountered with the sheath on the surface. The charged 

double layers around the sampler and skimmer have been discussed in our previoues 

papers (38,39). The space-charge sheath is much thinner than the orifice diameters of 

the sampler and sampler. It is therefore reasonable to believe that charge separation. is 

not significant as the plasma beam proceeds through the sampler and skimmer. 

Experimental studies of the supersonic beam properties with RF induced plasma in 

physics field have demonstrated that the plasma could retain bulk characteristics after 

sampling through the orifice into a low-pressure chamber (50,51). The movement of 

the ion beam simply follows the behavior of the neutrals. 

In the part I of this serial paper, we have demonstrated that the profiles of 

electron number densities measued along the axial position as the beam expansion 
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downstream of the sampler and the skimmer. The evidence of n, fall-off with 1/z2 

along the beam axial flow indicates that the movements of ions or electrons are very 

similar to the neutral beam expansions in the interface of the ICP-MS. The 

experimental results support the hypothesis that the charged particles flow though the 

sampler and the skimmer as a quasineutral plasma without significant separation of 

positive and negative charges. 
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CONCLUSION 

The experimental results demonstrated the correlation of floating voltage and 

the RF voltage in the ICP-MS interface. The floating voltage Vf generally decreases 

between the sampler and skimmer and can assume negative polarity downstream of 

skimmer. The raise of Vf near the skimmer is consistent with the electronnumber 

density measurements, which may indicate a disturbance in front of the skimmer. 

As the plasma flows through the sampler, the RF potential from the ICP 

source readily passes through the sampler into the supersonic jet. The RF voltage 

profiles reveal the potential in the extracted beam oscillates at the same frequency as 

as in the plasma source. As expected, the magnitude of the RF voltage in the 

extracted beam shows a net positive potential in the supersonic expansion. The 

observation of a reasonable RF potential behind the sampler is also further proof that 

the sheath around the sampler is relatively thin and the plasma flows into the ICP-MS 

by bulk sampling. 



248 

LITERATURE CI'IED 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

S. H. Tan and G. J. Horlick, Anal Atom. Spectrom. 2, 745-763 (1987). 

B. S. Ross and G. M. Hieftje, Spectrochim. Acta. 46B, 1263-1273 (1991). 

G. M. Hieme and L. A. Norman, Int. J. Mass Spectrom. Zon Phys. 118/119, 

519-573 (1992). 

J. S .  Crain, R. S. Houk and F. G. Smith, Spectrochim. Acta. 43B, 1355-1364 

(1988). 

D. C. Gregoire, and G. Horlick, Appl. Spectrosc. 41, 897 (1987). 

B. S. Sheppard, W. L. Shen, and J.A. Caruso, Anal. Gem., 63, 1491 (1991). 

G. M. Hieftje and L. A. Norman, Int. J .  Mass Spectrom. Ion Phys. 118/119, 

5 19-573 (1992). 

B. S. Ross, D. M. Chambers, and G. M. Hieftje, Microchim. Acta. 11,287 

(1990) 

P. J. Turner, In Applications of Plasma Source Mass Spectrometry, Holland, 

Eaton, A. N. (Eds.), Thomas Graham House. Science Park. Cambridge, (1991) 

10. 

11. 

G. M. Hieftje and G. H. Vickers, Anal. Chim. Acta 216, 1-24 (1989). 

R. S. Houk, S. C. K. Shum, D. R. Wiederin, Anal. G im.  Acta. 250, 61-70 

(1991) 

12. D. J. Douglas, "Fundamental Aspects of ICP-MS", ICPs in Analytical Atomic 

Spectrometry, eds. A. Montaser and D. Golightly, 2nd a n . ,  VCH, New York 



249 

199 1. 

13. 

14. 

15. 

D. J. Douglas and J. B. French, Anal. Atom. Spectrom. 3, 743 (1988). 

S .  D. Tanner, Spectrochim. Acta, Part By 47B, 809 (1992). 

G. R. Gillson, D. J. Douglas, J. E. Fulford, K. W. Halligan and S .  D. Tanner, 

Anal. Chem., 60, 1472 (1988). 

J. S .  Crain, R. S. Houk and F. G. Smith, Spectrochim. Acta 43B, 1355 (1988). 

H. B. Limy R. S. Houk, M. C. Edelson, and K. P. Carney, J. Anal. Atom. 

Spectrom. 4, 365 (1989). 

H. Kawaguchi, K. Asada and A. Mimike, Mikrochim. Acta 3,  143 (1988). 

R. S. Houk and H. B.'Lim, Anal. Chem. 58, 3244 (1986). 

A. L. Gray, J. Anal. Atom. Spectrom. 4, 371 (1989). 

D. M. Chambers and G. M. Hieftje, Spectrochim. Acta, Part By 4fB, 761 

16. 

17. 

18. 

19. 

20. 

21. 

(1991). 

22. 

23. 

24. 

25. 

26. 

J. E. Fulford and D. J. Douglas, Appl. Spectrosc., 40, 971 (1986). 

J. A. Olivares and R. S .  Houk, Appl. Spectrosc., 39, 1070 (1985). 

S .  D. Tanner, J. Anal. Atomic Spectrom., 1993, submitted. 

R. S. Houk, Ion Deposition 

R. K. Winge, J. S. Crain and R. S .  Houk, J. Anal. At. Spectrom., 6,  601 

(1991) 

27. 

28. 

N. Furuta, J. Anal. At. Spectrom., 6, 199 (1991). 

A. T. Ince, J. G. Williams and A. L. Gray, J.  Anal. At. Spectrom., 8, 899 



250 

(1993) 

D. J. Douglas and J. B. French, Spectrochim. Acta 41B, 197 (1986). 

A. L. Gray, R. S. Houk and J. G. Williams, J. Anal. Atom. Spectrom. 2, 13 

(1987). 

R. S. Houk, J. K. Schoer and J. S .  Crain, J. Anal. Atom. Spectrom. 2, 283 

(1987). 

L. Pei-qi, G. Pei-zhong, L. Tie-zheng and R. S .  Houk, Spectrochim. Acta 43B, 

273 (1988). 

N. Jakubowski, B. J. Raeymaekers, J. A. C. Broekart and D. Stuewar, 

Spectrochim. Acta 44B, 219 (1989). 

R. S. Houk and H. B. Limy Anal. Chem. 58, 3244 (1986). 

H. B. Limy R. S .  Houk and J. S .  Crain, Spectrochim. Acta 44B, 989 (1989). 

H. B. Lim and R. S .  Houk, Spectrochim. Acta 45B, 453 (1990). 

D. M. Chambers, J. Poehlman, P Yang, G. M. Hieftje, Spectrochim. Acta, 

Part By 46B, 741 (1991). 

H. Niu and H. S. Houk, Spectrochim. Acta. in press, (1994). 

H. Niu, K. Hu and R. S .  Houk, Spectrochim. Acta. 46B, 805-817, (1991) 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

Ultrasonic Nebulizer, Model U-5000, Cetac Technologies, Omaha, NE. 

R. S. Houk, ''Instrumentation for ICP-MS", in Handbook of Inductively 

Coupled Plasma Mass Spectrometry, Ed. by K. E. Jarvis, A. L. Gray and R. 

S.  Houk, Blackie, London (1992). 



42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

251 

S .  Greenfield and A. Montaser, Inductively Coupled Plasma in Analytical 

Atomic Spectrometry, A. Montaser and D. W. Golightly, (Eds.), 2nd Edition, 

VCH, New York, Ch. 4, (1992) 

D. W. Koppenaal, and L. F. Quinton, J. Anal Atom. Spectrom., 3, 667 (1988). 

R. M. Clements and P. R. Smy, J. Phys. D: Appl. Phys., 7, 551 (1974). 

J. A. Olivares and R. S .  Houk, Anal. Chem. 57,2674 (1985). 

B. Chapman, Glow discharge Processes, Chapters 3 and 5, John Wiley & 

Sons, New York (1980). 

S .  Klein, C. R. Acad. Sci., Paris, 251, 657,2492 (1960). 

A. von Engel and J. R. Cozens, Proc. Phys. Soc., 1963, Vol. 82 (1963). 

A. L. Gray, Anal. At. Spectrom. 4, 371-373, (1989). 

R. B. Fraser, F. Robben, and L. Talbot, Phys. Fluids, 14, 2317-2327 (1971). 

R. H. Kirchoff and L. Talbot, ALAAJ. 9, 1098 (1971). 



252 

Table 1. Instrumental components used in RF voltage measurements 

ComDonent Manu facturer/description 

ICP generator 

Perkin-Elmer Optima 3000 RF power: 1100 W 
free-running RF generator Frequency: 40-MHz 
with True Power Control (TPC) 

ICP torch 

Perkin-Elmer Optima 3000 
demountable torch 
with 2.0-mm i.d. alumina injector 

Nebulizer 

GemTipTM cross-flow nebulizer 

Plasma argon flow: 15 L/min 
Auxiliary argon flow: 1.0 L/min 
Torch mouth shortened by 10 mm 

Nebulizer argon flow: 1.OOO L/min 

Spray chamber 

Ryton Scott-type, double-pass spray 
chamber with pumped drain 

Peristaltic pump 

Gilson Minipuls 3 two channel 
peristaltic pump 

Extraction system 

Ames Laboratory construction 
(See Fig. 2) 

Liquid uptake rate: 1.0 mL/min 
pump tubing i.d. : 0.76 mm 

Sampler Orifice diameter: 1.02 mm 
Orifice centered on the ICP source 
Sampling position: 15.0 mm above 
top of load coil (ca. 10 mm from 
tip of initial radiation zone when Y 
was introduced at lo00 mg/L) 
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Table 1. (continued) 

ComDonent Manu facturer/descrip tion 

Pressure measurement 

Granville-Phillips series 275 analog readout Operating pressure: 1.8 torr 
convectron vacuum gauge (calibrated for NJ (converted to argon pressure) 

while sampling ICP 
Inline valve 

MDC KIV-150 high vacuum inline valve 

Vacuum pump 

Edwards E2M18 rotary vacuum pump 

oscilloscope 

Hewlett Packard 54503A 500-MHz 
digitizing oscilloscope 

Speed (pneurop): 20.4 m3/h 

Coupling: d.c. 
Waveforms stored in non-volatile 
memories of the oscilloscope and 
then transferred to PC via IOtech 
MP488CT IEEE bus interface 
board using ASYST 4.01 software 
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Table 2. Average voltage values from RF potential measurements 

shown in Figs. 5 and 6. 

Aerosol gas 

flow rate (L/min> 

0.OOO 

0.200 

0.400 

0.500 

0.600 

0.800 

1.OOO 

1.200 

Forward 

power &W) 

1.10 

1.10 

1.10 

1.10 

1.10 

1.10 

1.10 

1.10 

1.OOO 

1.OOO 

1.000 

1.OOO 

0.90 

1.10 

1.30 

1 S O  

Average 

voltage W) 

3.00 

3.63 

3.63 

4.10 

2.92 

1.74 

1.18 

0.95 

1.26 

1.18 

1.10 

1.18 
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Fig. 1. Typical I-V curve. The intercept with the horizontal axis is the V, value. 
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Fig. 2. ICP and extraction system for RF voltage measurements. A: ICP torch, 

load coil and bonnet; B: copper sampling disk; C: water cooling coil; D: 

Viton gasket; E: cylindrical quartz wall; F: threaded retaining rods; G: 

graphite electrode with connection to electrical feedthrough; and H: 

pumping port. 
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Fig. 3. Measured values of Vf for dry ICP at various aerosol gas flow rates (shown 

in caption). The sampler orifice is at 0 mm. The skimmer tip is at 10 mm. 

The forward power is 1.25 kw. 
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Fig. 4. Measured values of V, for wet plasma at various aerosol gas flow rates. 



259 

0.500 L/min 

10 c 
-10 I- -I 

Oe+000 1 e-007 2e-007 

20 I I 1 1 i  

10 I 1 0.200 L/min 

-10 t . 4 
Oe+000 1 e-007 2e-007 

0 

-10 I- -I 

-10 I- 
0e-f-000 1 e-007 2e-007 

Time (s) 

Fig. 5. Measured RF voltage waveforms at various values of aerosol gas flow rate. 

The forward power is 1.1 kW. 
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Fig. 6. Measured R F  voltage waveforms at various values of forward power. The 

aerosol gas flow rate is 1.0 L/min. 
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Fig. 7. Measured RF voltage waveform for "blank" situation when there is no flow 

of plasma through the sampling orifice. 
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SUMMARY AND FUTURE RESEARCH 

This dissertation is focused on studies of plasma extraction and beam 

formation processes in ICP-MS. Fundamental and practical aspects are described for 

extracting ions from an atmospheric pressure plasma source into an analytical mass 

spectrometer. Methodologies and basic concepts for interfacing the ICP ion source to 

the quadrupole mass spectrometer are emphasized. Some new developments and 

innovative designs are introduced. 

The axially resolved distributions of electron density and temperature are 

investigated in effort to gain more physical insight of the beam processes in the 

interface of an ICP-MS. The beam expansion was studies by Langmuir probe 

measurements under different plasma conditions. A single Langmuir probe is inserted 

through the skimmer into the supersonic jet. Electron temperature and electron 

number density are measured with axial spatial resolution from 2 mm behind the 

sampler to 45 mm behind the skimmer. In the upstream part of the supersonic jet, n, 

drop as axial position increases, as expected for a quasineutral beam. However, the 

measurements indicate the presence of an unexpected disturbance in front of the 

skimmer. Electron density behind the skimmer is much lower than would be expected 

if the skimmer behaved ideally. Plasma conditions that yield a high plasma potential 

and secondary discharge lead to further reductions in ne behind the skimmer. The 

measurements generally support the concept that the extracted plasma remains 
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quasineutral as it passes through the sampler and skimmer in ICP-MS. 

' Examination of the experimental results leads to several interesting 

observations. The electron densities estimated at the sampler are in the range 7 x 1014 

to 9 x 1015cm-3, which is reasonable. The electron densities measured at the skimmer 

tip are in the range 5 x 10l2 to 9 x lo'O~m-~. The electron density dropped by a factor 

of about l@ along the centerline between sampler and skimmer cones in the first 

stage and continued to drop by a further factor of 1@-l@ downstream of skimmer to 

the ion lens. At an aerosol flow rate of 1.0 Llmin for a dry plasma, electron density 

(nJ is about 5 x 10l2 cm-' near the skimmer tip and drops abruptly to 5 x 108 ~ m - ~  

downstream further behind the skimmer. Electron density in the beam leaving the 

skimmer also depends on water loading and on the presence and mass of matrix 

elements. 

The experimental results was compared with the ideal free-expansion of 

neutral gas. In the first stage, the ion beam density parallels that of a neutral beam 

with no skimmer interactions. Initially, the beam expansion behind the sampler cone 

exhibited a 1/22 intensity fall-off. As the beam approaching the skimmer, n, stay 

above the predicted value. After passing the skimmer orifice the beam behavior 

obviously deviated from the ideal predictions in the second stage. An second beam 

expansion originating at the skimmer entrance was observed and the beam flow 

underwent with another 1/Z2 fall-off behind the skimmer. 

The beam intensity attenuated by a factor of - lo7 in the centerline of the 
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beam flow from the sampler to the ion lens. The skimming effects are proposed to be 

a major cause of ion loss in ICP-MS instruments. As the skimmer presented in the 

supersonic expansion, the plasma flow was interrupted and underwent a second beam 

expansion in the second vacuum stage. 

The experimental observations of skimmer interference suggest that proper 

functioning of the skimmer is a key to success in the ICP-MS interface design. To 

further display such effects, more experimental investigations may be valuable such as 

matrix effect study and plasma beam potential measurement. 

Electron temperature in the region between the sampler and skimmer was 

generally at a value near the source and was cooled substantially when the beam 

passed the skimmer. Electron temperature ('I'd is generally in the range 2000 - 11000 

K and changes with probe inside an aerosol gas flow. However, T, still remain very 

high in comparison with the neural beam temperature. It is reasonable to assume that 

ion-electron recombination in the present studies is minimal because of the high 

electron temperature measured in the beam expansion processes. The recombination 

rate coefficient is a strong inverse function of the temperature. 

A T, range of 4000 - 8000 K is reasonable in the ICP. As the plasma 

extracted into the interface of the mass spectrometer, the electron temperature may be 

changed by the sampling process. There is no consistent trend of T, with axial 

position in the jet. Sometimes, T, drops smoothly by - 2000 K as the beam nears the 

skimmer. In other cases, there is a - 1000 K increase in T, near the skimmer, which 
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could be caused by the same disturbance that affects G, as discussed above. 

Plasma conditions that cause a high plasma potential and secondary 

discharge elevate T, drastically to values much higher than would be expected from 

the ICP alone. The secondary discharge is thought to increase the velocities and 

velocity spread of the electrons to artificially high values as they are extracted. Thus, 

T, changes with water loading and aerosol gas flow rate in the opposite direction 

expected from the behavior of T, as these parameters are changed in the ICP alone. 

Electron temperature is apparently much more sensitive to plasma potential than ne, as 

if a mild secondary discharge can readily affect the velocities of existing free 

electrons but does not create many new electrons by further ionization. 

Behind the skimmer (z > 10 mm), a surprising result is obtained. T, 

drops drastically to values as low as 2000 K at z = 20 mm. T, then increases again 

at z > 30 mm. One possible explanation for this trend may be diffusional cooling. 

In a beam containing electrons, the faster ones tend to diffuse farther from the center 

and are progressively depleted from the central axis as the beam moves farther away 

from the source. A smaller spread of velocities corresponds to a lower numerical 

value of T,. Thus, removal of some of the faster electrons would diminish the 

measured T, value in the center as the beam travels further downstream. However, 

this rationale does not account for the subsequent rise in T, observed after z > 25 

mm, which remains unexplained. Perhaps the rise in T, after z > 25 mm represents 

the breakdown of quasineutrality in the extracted beam. As discussed in the next 



section, the Debye length becomes large here, so perhaps external fields (such as 

floating potential) can accelerate and re-heat electrons when the beam gets well behind 

the skimmer. 

The measured floating voltages are in the range of +2 to +5 volts. V, 

generally decreases downstream of sampler and through the skimmer. Negative values 

of V, were measured downstream of skimmer. The experimental results demonstrated 

the correlation of floating voltage and the RF voltage in the ICP-MS interface. 

The floating voltage V, generally decreases between the sampler and 

skimmer and can assume negative polkty downstream of skimmer. As the plasma 

flows through the sampler, the RF potential from the ICP source readily passes 

through the sampler into the supersonic jet. The RF voltage profiles reveal the 

potential in the extracted beam oscillates at the same frequency as as in the plasma 

source. As expected, the magnitude of the RF voltage in the extracted beam shows a 

net positive potential in the supersonic expansion. The observation of a reasonable RF 

potential behind the sampler is also further proof that the sheath around the sampler is 

relatively thin and the plasma flows into the ICP-MS by bulk sampling. The probe 

voltage measured in these experiments is probably affected by plasma "rectification 

effect" and the "calorelectric effect." The raise of Vf near the skimmer is consistent 

with the electronnumber density measurements, which may indicate a disturbance in 

front of the skimmer. 

Some additional interesting studies are suggested by these results. Is the 
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disturbance in front of the skimmer a general phenomenon seen in other ICP-MS 

devi& or is the disturbance unique to the skimmer geometry and gas flows used in 

this study? Optical measurements of the basic properties of this disturbance at various 

skimmer cone angles and skimming positions should prove interesting in this regard. 

If indeed the ion density behind the skimmer is several orders of magnitude below 

that expected for an ideal quasineutral beam, what happened to the lost ions? We 

have been attempting to deposit ions behind the skimmer onto spatially separated solid 

targets to address this issue as has Farnsworth’s group (61). Can anything be done to 

mitigate the extensive loss of ions in the beam behind the skimmer? How are the 

beam properties affected by highly concentrated matrix elements and by the 

application of various voltages to the ion lenses? Clearly, important questions remain 

in our basic understanding of the ion extraction process in ICP-MS. 
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