2 Instrumentation for lnductlvely
coupled plasma mass
spectrometry

2.1 The inductively coupled plasma

The characteristics of the ICP which make it so suitable as an ion source,
with only minor changes from the form used for ICP-AES, have been
extensively described in the literature and a bibliography of this would be
too long for this volume. However, the nature of the ICP is important to an
understanding of the basis and characteristics of ICP-MS and therefore an
outline is given below. Brief reviews have been published by Fassel (1977,
1978) and fuller treatments given by Montaser and Golightly (1987), Boumans
(1987) and Moore (1989) which may be followed up by those interested.

2.1.1  Torch and plasma

The inductively coupled plasma is an electrodeless discharge in a gas at
atmospheric pressure, maintained by energy coupled to it from a radio
frequency generator. This is done by a suitable coupling coil, which functions
as the primary of a radio frequency transformer, the secondary of which is
created by the discharge itsell. The gas used is commonly argon although
other gases are occasionally used, sometimes as additions to the main supply.
The plasma is generated inside and at the open end of an assembly of quartz
tubes known as the torch. A typical arrangement of a torch used for emission
spectrometry is shown in Figure 2.1, Only minor changes have been made
in the systems used for mass spectrometry, which are usually limited to
mounting the torch with the axis horizontal for convenience and making
some changes to the grounding point of the coupling (load) coil circuit, to
control the plasma electrical potential with respect to the grounded mass
spectrometer system. The torch commonly used, based on the ‘Scott Fassel’
design (Scott et al., 1974), has an outer tube of inner diameter 18 mm and is
about 100 mm long (Figure 2.2). Within this are two concentric tubes of 13
and 1.5mm inner diameter which terminate short of the torch mouth. Each
annular region formed by the tubes is supplied with gas by a side tube entering
tangentially so that it creates a vorticular flow. The centre tube, through
which the sample is introduced to the plasma, is brought out along the axis.
The outer gas flow, termed the coolant flow, protects the tube walls and acts
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Figure 2.1 Schematic of ICP torch, gas flows and the induced magnetic field. The shaded zones
are observed when a nebulised sample containing Y is introduced along the central channel in
the injector gas flow. Reproduced with permission from Houk (1990).

as the main plasma support gas and is usually of 10-151min~". The second
gas flow which is introduced to the inner annular space, termed the auxiliary
flow, is mainly used to ensure that the hot plasma is kept clear of the tip of
the central capillary injector tube, to prevent its being melted. The flow used
depends on the precise torch and load coil geometry and values between
0 and 1.51min~" are common. The central gas flow, often called the injector,
nebuliser or carrier flow, conveys the aerosol from the sample introduction
system, and is uéually about 11 min~", This is sufficient, in the small diameter
injector tube, to produce a high velocity jet of gas which punches a cooler
hole through the centre of the plasma, termed the central or axial channel.

The coupling or load coil of 2-4 turns of fine copper tube, cooled by a
water or gas flow, is located with its outer turn a few millimetres below the
mouth of the torch. The RF current supplied from the generator produces
a magnetic field which varies in time at the generator frequency, usually 27
or 40 MHz in the systems used for ICP-MS, so that within the torch, the
field lies along the axis. The discharge is usually initiated in a cold torch by
a spark from a Tesla coil, which provides free electrons to couple with the
magnetic field. Electrons in the plasma precess around the magnetic field

YT
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Figure 2.2 Schematic of a Fassel type ICP torch.

lines in circular orbits and the electrical energy supplied to the coil is converted
into kinetic energy of electrons. At atmospheric pressure the free electron
path before collision with an argon atom, to which its energy is transferred,
is only about 10”*mm, and thus the plasma is heated, forming a bright
discharge or fireball. At the frequencies used, the skin effect occurring in RF
induction heating ensures that most of the energy is coupled into the outer
or induction region of the plasma. The cool injector gas flow punches a
channel through the centre of the plasma, carrying most of the sample aerosol,
so that little appears in the outer annular part of the plasma shown in
Figure 2.1. Gas in the centre channel is heated mainly by radiation and
conduction from the annulus and, while the temperature in the induction
region of the plasma may be as high as 10000 K, in the central channel the
gas kinetic temperature is probably between 5000 K and 7000 K at the mouth
of the torch. Note that the power is coupled mainly into the outer region,
which is physically distinct from the central channel through which the
sample aerosol travels. Thus the chemical composition of the sample solution
can vary substantially without greatly affecting the electrical processes that
sustain the plasma. This physical separation between the region where the
electrical energy is added and the region containing the sample is one reason
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for the mildness of physical and chemical interferences in the ICP compared
to those seen in most other spectrochemical sources. £

2.1.2 RF coupling

The load coil and plasma present a low electrical impedance to the RF
generator which feeds them energy. In order to provide efficient energy
transfer, and avoid mis-matches which could produce high potentials from
the reflected power, it is essential that the generator ‘sees’ a matched load at
the end of the coupling line to the load coil, which is essentially resistive and
absorbs the power delivered. The power required to maintain such a plasma
usually lies between 0.75 and 2.0k W and it is desirable to reduce the reflected
power to a few watts or less. A basic RF generator consists of an oscillator
“tank’ circuit, usually a coil and capacitor in parallel, which resonates at the
desired frequency. Resistive losses and power drawn by the plasma load coil
are made up by energy fed back into the circuit from an amplifier, so that
instead of dying away, the oscillation continues as long as power is supplied.
The amplifier is usuvally a large thermionic tube but for moderate powers
(< 1.5kW) some recent systems use solid state components. Two types of
generator are used, free running systems, where the frequency is controlled
by the oscillating circuit and load coil parameters (which include the
composition of the plasma, which affects its impedance), and crystal controlled
systems where the operating frequency is determined by an oscillating quartz
crystal and a servo controlled matching circuit is used to ensure correct
matching to the load. Both systems are used in ICP-MS. Because there are
strict controls on allowed frequencies for RF systems which radiate any
portion of the power fed to the load, free running systems need to be very

~well screened, usually with a double metal case, whereas crystal controlled

systems using the permitted frequencies have less stringent screening require-
ments. Sufficient screening is always needed however to avoid interference
with other electronic circuits used for system control, ion detection and data
handling, etc. The interface system in ICP-MS provides an additional RF
leakage path not present in ICP-AES and free running generators, although
simpler and cheaper than crystal controlled ones, have only been introduced
into the more recently developed ICP-MS systems. Most ICP~-MS RF
systems operate at power levels between 1.0 and 1.5kW and the operating
power level is usually stabilised to about 1%. A fuller discussion of ICP
generator and torch systems is given by Greenfield (1987).

2.1.3 Sample introduction

The ICP requires any sample to be introduced into the central channel gas
flow as a gas, vapour or aerosol of fine droplets or solid particles. A wide
variety of methods may be used to produce these such as pneumatic or
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ultrasonic nebulisation of a solution, electrothermal volatilisation of micro-
samples from a hot surface, laser or spark ablation from a solid, and
generation of volatile hydrides or oxides from a reaction vessel among others.
However, most systems are equipped with a pneumatic nebuliser as standard,
in which a high velocity gas stream produces a fine droplet dispersion of the
analyte solution. The larger droplets are removed by a spray chamber which
allows only those below about 8 um diameter to pass on to the plasma. These
small droplets carry only about 1% of the solution which is usually metered
to the nebuliser by a peristaltic pump. Although universally recognised as a
very inefficient system, the pneumatic nebuliser, of which there are many
forms, retains its popularity because of its convenience, reasonable stability,
if correctly operated, and ease of use with multiple sample changers. Other
introduction methods are only used to meet more specialised requirements.
A detailed discussion of nebuliser operation is given by Gustavsson (1987)
and Sharp (1988a) and more general discussions of other methods of sample
introduction extend over several chapters in each of Montaser and Golightly
(1987), Boumans (1987) and Moore (1989).

2.1.4 Sample history

Whichever method is used for sample introduction, the ultimate aim is to
produce sample ions at the entrance to the mass spectrometer, usually by
volatilisating, atomising and ionising a dispersion of fine solid particles in a
carrier gas stream. In the most common case of pneumatic nebulisation the
aerosol leaving the injector tube in the torch may still contain small liquid
droplets, but these are quickly dried to solid microparticulates and as an
increasingly higher temperature is experienced these are vaporised and the
resulting vapour phase compounds dissociated. The transit through the centre
of the plasma takes several milliseconds and once atomised the sample is
substantially ionised at the high temperature experienced. This process may
be seen in a plasma when a solution of yttrium is introduced. The small dark
cone seen in the centre of the plasma immediately beyond the tip of the
injector tube glows red with emission from YO bands and Y1 lines, in what
is termed the initial radiation zone. Beyond this the yttrium ions are seen to
emit in the blue in the normal analytical zone for emission spectrometry.
These regions are shown shaded in Figure 2.1.

The sample atoms represent only 107° or less of the total atom population
of the plasma. Their degree of ionisation is dependent on the ionisation
conditions in the plasma, which are dominated by the major constituents,
usually Ar, H, O and electrons, and the ionisation constant and partition
functions for the atom concerned. The temperature in the central channel is
high enough to produce almost complete ionisation of many elements and
a significant level for those of higher ionisation energy. The Saha equation
may be used to give an insight into the equilibrium in the plasma and the
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numbers of ions produced. A simple outline of this is given by Boumans"( 1966)

~ and a more detailed discussion of the recent developments in the still incom-

plete understanding of this complex system is contained in Boumans (1987).

At the plasma powers usually used, thermal equilibrium is not strictly
achieved. However, if it is assumed, a reasonable estimate of experimental
values for degree of ionisation may be obtained from the Saha equation using
the generally accepted values from the literature for ionisation temperature
T, and electron population n,. Values for most of the elements of the periodic
table shown by Houk and Thompson (1988) are given in Figure 2.3. The
general form of the dependence of degree of ionisation on ionisation energy
for singly charged ions is shown in Figure 2.4, from which it may be seen
that the response falls away rapidly above 9 V. As will be seen from Table 2.1
most elements have first ionisation energies below 10eV, corresponding to
> 50% ionisation while there are none whose second ionisation energies fall
below 10eV. Thus although there are a number of elements such as the
alkaline and rare earths, thorium and uranium which undergo some double
ionisation, the majority do not and doubly charged ions do not present
serious problems.

As well as ionisation, high levels of excitation of both atoms and ions
occur, and for optical emission analysis the point of observation in the plasma
is suitably optimised. For mass spectrometry excitation is not necessary and
the optimum point for ion extraction may be different from that for emission,
in fact it is usually closer to the tip of the initial radiation zone.

2.1.5 Plasma populations

It is useful to consider the relative number densities of atoms and ions of the
important species in the plasma which is to operate as an ion reservoir. The
gas pressure is 1bar and at a gas kinetic temperature of S000K the total
particle density is given by the gas laws as 1.5 x 18'8cm ~3, The majority of
this is argon. At an ionisation temperature of 7500 K the degree of ionisation
of argon is about 0.1%. The population of Ar>* ions is negligible as the second
ionisation energy of argdn is very high (27¢eV). In a ‘dry’ plasma n,, =n,=
I x 10'3cm ™2 and such a value may be typical for sample introduction by
‘dry’ methods, but if a nebulised solution is introduced additional electrons
are contributed by the ionisation of H and O from the solvent, as well as
H* and O* ions. At a nebuliser uptake of 1 mImin~! and an efficiency of
1% the populations of H* and O* are respectively about 2 x 10'*cm™? and
1 x 10" ¢m ™2, In addition if the solution had been acidified with 1%, HNO,,
as is commonly done, there would be a population of N* of about
1 x 10'2cm ™3, These all contribute to the electron population so the value of
n, rises to about 1,3 x 10'3 cm =3, The presence of water vapour in the aerosol

thus contributes significantly to the ion and electron population of the axial ‘

channel. :

s o
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Figure 24 Degree of ionisation versus ionisation energy for singly charged ions in the ICP,
calculated for a representative selection of elements. Redrawn and adapted from Gray (1989a).

Table 2.1 Distribution of ionisation energies among the elements for singly and doubly charged
ions at 1eV inlervals (from Gray, 1989a)

lonisation
energy (eV) Elemcnls

<1 Li, Na, Al K, Ca, Sc, Ti, V,Cr,Ga, Rb, Sr, Y, Zr, Nb, In, Cs, Ba, La, Ce, Pr, Nd, Pm.
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, H{,Tl, Ra, Ac, Th,U

7-8 Mg, Mn, Fe, Co, Ni.Cu, Ge, Mo, Tc, Ru, Rh, Ag, Sn, Sb, Ta, W, Re, Pb, Bi

8-9 B, Si, Pd, Cd, Os, Ir, Pt, Po

9-10 . Be,Zn, As, Se, Te, Au 2% ions
10-11 P,S,I,Hg,Rn’ Ba, Ce, Pr,Nd, Ra
11-12 C,Br Ca, Sr, La, Sm, Eu, Tb, Dy, Ho, Er
12-13 Xe Sc, Y,Gd, Tm, Yb, Th, U, Ac
13-14 H,0,CLKr Ti,Zr,Lu '
14-15 N V, Nb, HI ‘
15-16 Ar Mg, Mn, Ge, Pb

> 16 He, F, Ne All other elements

The addition of trace elements to the nebulised solution produces far lower
populations of the elements to be determined against this background of the
‘permanent’ ions. An element at a concentration of 1 uygml™! in the sample
solution, which is fully ionised in the plasma, contributes about 1 x 10'%ions
cm~? and the number is correspondingly lower for elements of higher
ionisation energy. Thus a fully ionised matrix element at 5000 ug ml~"! in the
solution only contributes about 5 x 10'*cm™? to the total level of n, of
1.3 x 10'*c¢cm ™3 and produces a barely significant shift in the equilibrium.
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Thus ionisation suppression in the plasma is generally not a major cause of
matrix interference in the ICP (Olivares and Houk, 1986), unless the
concentration of the matrix element is extremely high.

As an ion source the ICP may thus be seen to have several valuable
properties. The samples are introduced at atmospheric pressure, and may be
readily interchanged. The degree of ionisation across the periodic table is
relatively uniform and is mainly to singly charged ions. Sample dissociation
is very eflicient at the gas temperatures experienced and few sample molecular
fragments remain. High ion populations of trace concentrations are produced
and therefore potential sensitivity is high. The main disadvantages are the
high gas temperature and pressure at which the ions are produced which
require an appropriate interface design to transfer the ions without significant
distortion of their relative populations to a mass analyser.

2.1.6 Distribution of ions in the plasma

Once the plasma leaves the mouth of the torch it becomes accessible
for ion extraction into the mass spectrometer. The distribution of ions within
it has been studied by a variety of methods but a simple visualisation may
be obtained from spacially resolved profiles made by moving the ion
extraction interface of an ICP-MS system across the plasma. When no sample
is introduced, and the central channel contains only dry argon, the transverse
profile of Ar* ions across the mouth of the torch is shown by the Ar*
response in Figure 2.5. On the torch axis the cooler central gas stream shows
a relatively low Ar* population but each side of the centre the higher degree
of ionisation of Ar in the hotter induction region, the plasma annulus, is

100 —
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Figure 2.5 Transverse profiles of ions across the mouth of the plasma torch. Profile for Ar*
shown for dry argon only. Profile for Co* from a nebulised solution at 100 ngml -,
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Figure 2.6 Transverse profile across plasma flame at 5, 10 and 15 mm [rom load coil in steps
of I mm. Nebulised solution containing Co at 100 ngml~",

clearly shown. The central channel may be seen to be about 3mm wide.

Beyond the overall diameter of about 12 mm the ion population drops sharply .

again at the edge of the plasma. This particular plasma appears to be slightly
asymmetrical due to poor concentricity of the torch. If a similar plot is
performed across the narrow central channel when a sample is being
introduced, a profile such as that shown for Co* is obtained. Here Co solution
at a concentration of 100ngml~! is being nebulised and the Co* ions are
concentrated mainly within 1 mm of the axis, Further along the axis away
from the torch, the central channel diffuses into the annulus and similar
profiles for Co at 1ugml~! at 5, 10 and 15mm from the load coil are
shown in Figure 2.6. This method may be extended to cover most of the
species occurring in the plasma and the optimum ion extraction position

~determined.

The ideal location of the orifice along the axis is less immediately obvious

but to ensure the highest possible ion density in the extracted gas, the
distribution plots in Figure 2.6 suggest that the position should be as close
to the load coil as the torch mouth permits. However, during its passage

along the central channel of the plasma the sample must be converted to .

atomic ions as completely as possible and the processes of desolvation,
volatilisation, dissociation and ionisation take several milliseconds. The time
required depends particularly on the size of the initially desolvated microparti-
culates in the aerosol, which in turn depends on the level of dissolved solids

in a nebulised sample solution, and on the bond strengths of the molecular -

species (which may be refractory) in the sample. The time available, while
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Figure 2.7 Longitudinal profile along axis of Co*, Ce* and CeO* from a solution at
100ngml™".

the sample resides in the hottest part of the plasma, depends on the plasma
operating parameters, particularly plasma power and central channel gas
flow. Thus when a solution of a yttrium salt is introduced along the axis, the
boundary beyond which most of the yttrium oxide molecules are dissociated
is observed as the tip of the red initial radiation zone (see section 2.1.4). The
orifice must therefore be placed beyond this point to avoid an excessive oxide
response. This may be seen for a refractory species CeO* in Figure 2.7. Both
Co and Ce were present in this solution and the Co* response is seen to fall
steadily from Smm outwards. The Ce* response, however, is not at a
maximum until about 7.5mm beyond which it follows the Co* response
down. At 5Smm the oxide response is relatively high at about 16% of the
metal response but falls to below 1% after 7.5 mm. Thus a longer dwell time
in the plasma is necessary to promote dissociation of CeO* into Ce*.

The axial position of the extraction or sampling orifice must consequently
by selected with some care. If the system is optimised without considering
the yield of interfering oxide signals from matrix elements in the sample,
quite misleading results may be obtained. This is particularly true if the full 7
spectrum of a sample new to the operator is not checked for interferences
prior to detailed analysis.

The ICP thus forms a very convenient ion source with a high yield of
singly charged analyte ions, few doubly charged and oxide or other molecular
and adduct ions and the facility for rapid interchange of samples. Its main
drawbacks are the high temperature at which the ion reservoir must be
maintained and the atmospheric pressure within it. The means of extracting
ions into the mass spectrometer are discussed in the following section.






















































