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the sheath to be much thinner than the boundary layer [6], it still influences the ion extraction

process by its interaction with the RF potential in the plasma, as described in the next section.

Plasma potential and secondary discharge [1]

The plasma is méintained by RF energy coupled to it by the load coil. Thus, current circulate at
this freciuency through the plasma, which is a good conductor. In addition to this inductive
(magnetic) coupling, the load coil is also coupled capacitively (electrostatically) through the
torch wall by the capacitance between the coil and the plasma. The arrangement of the electrical

connections to the coil influences this capacitive coupling process [7].

Normally, the one end of the load coil is connected to the high voltage RF source while the
other end of the load coil is grounded. A potential gradient thus exists along the load coil,
except at the moment when the field polarity reverses. When the plasma contacts the sampler
cone and part of 1t is drawn through the orifice, the plasma is coupled to the sampler cone
through the very thin sheath. Since the impedance of this sheath layer is much lower than that
of the capacitive coupling between the plasma and load coil, the plasma acquires an RF
potential which is determined by the ratio of these two impedances which act as a potential
divider. An RF current flows through this coupling from the load coil. However, the RF
current flow to the grounded cone is modified by the different mobilities of ions and electrons in
the sheath layer. During negative half cycles, the current is carried mainly by electrons, which
can flow to ground far more readily than the positive ions that carry current during positive half

cycles.

These effects cause the plasma to assume a net mean positive DC potential. This offset or bias

potential may be considerably larger than the floating potential due to the sheath alone /8, 9].

If the plasma potential is high enough, it can cause an electrical discharge between the plasma
and the sampler cone. This secondary discharge is manifest as a crackling discharge into the
orifice. A severe discharge is detrimental in that it erodes the orifice, generates multiply
charged ions, and induces high kinetic energies and a wide spread of kinetic energy in the

extracted ion beam /8, 10].

Minimising this secondary discharge was a key step in the early development of ICP-MS.

Modification of the load coil arrangement was one successful approach. The plasma potential
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Ton lenses in [CP-MS [1]
In each lens several electrodes are strung together in order to confine the ions on their way to the
mass analyser. Each lens incorporates a central disc in order to prevent photons originating
from the plasma from reaching the detector. The sampler and skimmer cones stare into the heart
of the inductively coupled plasma, which is a good source of vacuum ultraviolet radiation that
can activate the detector. 50 - 80% of the positive ions are probably lost here, as shown by

measurements of ion current with the stop removed.

Generally, the skimmer cone is grounded. The positive ions gain kinetic energy during
extraction from both the gas dynamic effect of the supersonic expansion and any plasma
potential above that of the sampler cone. The positive ion beam also has an energy spread ofa
few electron volts. Also, positive ions of different masses have different kinetic energies and

thus follow different paths through the lens,

Different ion optical conditions are required to transmit positive ions of different m/z and the
sensitivity for different elements is not as even across the mass range as the high ionisation
efficiencies of the different elements would indicate. The extent of the mass discrimination
effect depends on ion lens settings and ion energy, the latter of which can be influenced by

plasma potential and plasma operating conditions.

Space charge effects [1]

A few ions are lost due to recombination during the extraction process and thus the ion current
through the sampler cone remains quite high at about 0.1 A. The current through the skimmer
cone is about 1 mA. In the plasma and in the supersonic jet, an equal electron current balances
this ion current, so the beam acts more or less as if it was neutral /6/. As the beam leaves the
skimmer cone, the electric field due to the lens collects positive ions and repels electrons. The
electrons are no longer present to keep the positive ions contfined in a narrow beam, resulting in
the beam not being quasi-neutral, and the ion density still being very high. The mutual
repulsion of ions of like charge limits the total number of positive ions that can be compressed
into a beam of a given size. Space charge effects should become substantial in ICP-MS at total
beam currents of the order of 1 uA /18, 19/, roughly three orders of magnitude below the actual
beam current cited above. A simplified description of ion lenses, using the Laplace equation,
assumes that the positive ions do not interact while in the ion lens, so the high ion current causes

space-charge effects that are further reasons for non-ideal behaviour in ion optics in ICP-MS.
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flow rate (arbitrary scale unit x 0.05) and for the aerosol carrier gas flow rate (arbitrary scale

unit x 0.033).

Multi-element solution

The analyte solution consisted of a | mg dm™ muiti-element solution in 1% v/v HNOx.
According to some workers /29, 30] it is inadvisable to optimise ICP parameters in isolation
to the mass spectrometer since the interface links together directly and synergistically two
instrument components operating at totally different pressures and temperatures (inductively
coupled plasma at atmospheric pressure and 5000 - 7000 K while the mass spectrometer is
at 10° t0 10" Pa and ambient temperature). Potential problems with spectral overlap
interferences may result from the individual or combined effects of background intensities,
isotopes or different concomitant elements, doubly ionised ions, oxide ions or other

polyatomic ions. These form in either the plasma or the interface or during the sampling

process.

Table 2.1: List of m/z values at which signals were monitored.

Element / ion monitored Isotope / m/z monitored
Li* Li
Na” “Na
Mg “Me
Ar Ar

Cu’ Scu
In" "3y
Ce" 140
Pb’ 2%pp
Background *Nb
Background 07

| Ce* m/z 70

| CeO” m/z 156

Background values in ICP-MS results from scattered photons or stray ions in the mass
spectrometer. Background positions were chosen as positions where no analyte species in
the multi-element solution would interfere or be monitored. The mass positions chosen

were mass 93 and mass 100.

The doubly ionised and oxide ions of Ce were monitored as interferences, i.e. Ce*" and

CeO" at masses 70 and 156, respectively.
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Figure 2.6: Effect of axial displacement of the torch on the response curves of heavier

elements.

As the plasma is moved across the aperture the maximum analyte intensities are also
observed at “-2500 units”. At distances of 1.2 mm away from the maximum position the
analyte signals decrease by about 40%. Even at these settings the signals observed are still

abqve 1 x10°,

The optimum vertical setting of the torch appears to be at “-6500 units™ as can be seen from

figure 2.5. The same trends as for the horizontal variation are observed.
Figure 2.6 shows the effect of axial displacement of the torch on the response curves of
heavier elements. The trends observed are similar to those seen for the light elements. This

is in accordance with results from Horlick er al. [29] and Vaughan er al. [30].

Effect of torch adiustment on backeround intensities

From figure 2.7 the background intensities at various horizontal displacements can be seen.
The background signals do not follow a specific trend but are below 80 counts 5™ over the

whole range.
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Table 2.2: Aerosol carrier gas flow rates (“arbitrary scale” as used by instrument manufacturer)

at which a maximum analyte signal is obtained for the power settings investigated.

Power | Li* | Na" | Mg Ar* | Cu'|In' | Ce' | Pb" | Ce* | CeO"
setting :
1000 W | 23 |23 |23 23 123 123 123 |23 |27 23
1050 W |23 |25 125 123 (25 |23 {23 123 |29 |25
1100W 25 125 125 |23 |25 125 125 |25 |31 27
1150 W |25 (27 27 |25 {27 |27 |25 |25 |33 27

1200 W |27 129 |29 25 |29 |27 |29 |27 |- 29
1250 W 129 |31 |31 |27 {31 129129 29 |- 29
1300 W |29 |31 |33 129 |33 |31 |31 |31 |- 31
1350 W |29 |31 |33 |29 33 31 31 |31 |- 31
1400 W | 33 | - - 31 |- - 33 133 |- -

As the maximum intensity observed for an element increases with the power setting, it seems
preferable to work at higher power settings. The curves show that the analyte signals are very
sensitive to changes in the aerosol carrier gas flow rate at a specific power setting. Care should

thus be taken when optimising the aerosol carrier gas flow rate.

Effect of power and aerosol carrier sas flow rate on heavier elements

Curves showing the effect of the aerosol carrier gas flow rate at different power settings can be
seen in figures 2.30, 2.31, 2.32 and 2.33 for Cu", In", Ce* and Pb*. The same trends as for the
light elements are observed for the heavier elements. Table 2.2 shows that for the heavier
elements the optimal aerosol carrier gas flow rate at a power setting of 1350 W is also about 31
(“arbitrary scale” as used by instrument manufacturer). As for the light elements, the data
plotted iﬂdicate that analyte signals are very sensitive to changes in the aerosol carrier gas flow

rate and higher power settings are preferable.
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3%. Similar to the results reported here, they found the CeQ"/Ce” ratio to increase

slightly with increases in the aerosol carrier gas flow rate and decrease slightly with
increases in the power settings. They also found the Ce™/Ce" ratio to increase with an
increase in the aerosol carrier gas flow rate and decrease with an increase in power. Horlick
et al. [29] stated that in order to minimise the CeQ"/Ce” ratio one has to lower the aerosol
carrier gas pressure to a value lower than that providing maximum analyte counts. Gray and

Williams /34] reported values of about 1% for the CeQ"/Ce” ratio.

Table 2.3; Maximum aerosol carrier gas flow rates (“arbitrary scale” as used by instrument
manufacturer) at which acceptable values for Ce*"/Ce” (2.5%) and CeQ"/Ce" (1%) ratios are

still obtained for the power settings investigated.

Power setting | Ce**/Ce” | CeO'/Ce’
1000 W - 29
1050 W 21 25
1100 W 23 29
1150 W 23 29
1200 W 25 29
1250 W 27 31
1300 W 29 31
1350 W 29 29
1400 W 31 33

2.3.4  Effect of ion lens settings

Effect of ion lens settings on light elements

Figures 2.40(a) - (h) show the effects of various ion lens settings such as: lens parameters,
tield axis voltage and detector inner and outer diameter voltages on the response curves of
the light elements. All the light elements appear to reach maximum values at more or less
the same ion lens settings. The settings to which the analyte intensities are the most

sensitive are: LA, LB, LC, ID and OD.
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